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Introduction 

Environment Ontario holds its annual Technology Transfer 
Conference to report and publicize the progress made on 
Ministry-funded projects. These studies are carried out in 
Ontario Universities and by private research organizations 
and companies. 

The papers presented at the Environmental Research: 
19B9 Technology Transfer Conference are published in two 
volumes of conference Proceedings corresponding to the 
following sessions: 

VOLUME I: FEATURE PRESENTATIONS 
AIR QUALITY RESEARCH 
WATER QUALITY RESEARCH 

VOLUME II: LIQUID k SOLID WASTE RESEARCH 
ANALYTICAL METHODS 
ENVIRONMENTAL S0CIQ-ECON0MICS 

volume II is comprised of presentations given during Session 
C, Session D and Session E of the conference. 

For references purposes, indices for all sessions may be 
found at the front of both volumes. 

For further information on any of the papers, please contact 
either the authors or the Research and Technology Branch at 
(416) 323-4574 or 323-4573. 

Acknowledgments 

The Conference Committee would like to thank the authors for 
their valuable contributions to environmental research in 
Ontario. 

Disclaimer 

The views and ideas expressed in these papers are those of 
the authors and do not necessarily reflect the views and 
policies of Environment Ontario, nor does mention of trade 
names or commercial products constitute endorsement or recom- 
mendation for use. 
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ABSTRACT 

The distribution of selected organic compounds in landfill leachate impacted groundwaters 
provides some evidence for natural attenuation of some contaminants. Biodegradation, even 
after a long acclimatization period, may be partially responsible for this passive 
remediation. Where active remediation is required, in situ biorestoration may be 
considered. 

Our research has concentrated on the remediation of landfill contaminated groundwaters by 
the stimulation, in situ, of the anaerobic degradation processes of denitrification and 
sulphate reduction. Target organics include simple halocarbons and aromatic hydrocarbons, 
identified in previous studies as common landlill-derived groundwater contaminants. A 
series of laboratory and controlled field tests has indicate some organic contaminants 
are susceptible to biodegradation under ihese conditions. Field evaluations at bolh Ihe 
North Bay landfill site and the CFB Borden site are continuing. 

INTRODUCTION 

Groundwater impacted by leachate from landfill sites is a serious environmental concern, 
especially when such groundwater is near drinking water wells or discharges into surface 
water bodies. Much of this concern has centred upon organic contaminants. We have found 
such leachates to contain reasonably mobile organic contaminants such as benzene, 
ethylbenzene, chlorobenzenes, chloroform, trichloroethylene, and similar compounds, 
albeit only at trace concentrations (< 100 ug/L) usually (Barker et a!., 1988). Our 
research continues to focus upon these aromatic hydrocarbons and halocarbons. 

Remediating groundwater contaminated by leachates typically involves collection of the 
contaminated groundwater and treating ft. For sites removed from municipal wastewater 
treatment facilities, on site facilities can be established, but costs and uncertain 
performance limit this option. It is within the context of developing innovative 
technologies that we have been conducting research into the in situ biorestoralion of 
landfill leachate impacted groundwaters. 

In situ biorestoration is the stimulation of microbiological processes within the 
contaminated aquifer to cause the biodegradation of contaminants. This technology has 
been used with some success to clean up aqu Hers contaminated by petroleum hydrocarbons 
and shows promise for dealing with some halocarbon and other organic contaminants (Wilson 
et al., 1986). The approach is to identify what chemical additions to contaminated 
groundwater can stimulate the natural microbial community to biodegrade the contaminants. 
Then these favourable conditions must be created in situ. In many cases this treatment 



approach resembles the wastewater treatment use of aerobic and anaerobic digestion. 
However, as it is done in situ considerable savings may be realized because large volumes 
of groundwater do not have to be removed from the aquifer. 

Landfill leachates contain a broad range of inorganic and organic contaminants and so 
present a complex challenge for in situ biorestoration. Our research has concentrated 
upon aromatic hydrocarbons and simple halocarbons. If encouraging results are obtained, 
the (ate of the numerous other contaminants in leachates will have to be evaluated before 
the technique can be recommended. Given the complex mixture of contaminants, in situ 
biorestroation will probably become only part of the treatment train for contaminated 
groundwaters. 

Current aerobic techniques may be difficult to apply to anaerobic leaehate contaminated 
groundwaters. For example, oxidation of iron and rapid biomass growth can product 
plugging ot injection wells making further additions difficult. Therefore, we decided to 
evaluate anaerobic biodegradation of organic contaminants. Our approach has been to 
stimulate denilrifying, sulphate-reducing and anaerobic fermentative bacteria through 
simple chemical additions of the appropriate electron acceptors (nftrate, sulphate, and 
organics, respectively). This approach, if successful, will be technically simple and 
economically attractive. 

Biodegradation occurs in leaehate plumes naturally. Our research is continuing to 
evaluate natural biodegradation of organic contaminants in some landfill leaehate plumes. 
In some situations, the natural dispersive dilution and biodegradation processes may be 
sufficient to protect 1he environment and no positive intervention may be warranted. This 
■passive remediation" option will require an excellent scientific basis before regulatory 
agencies can accept it. 

These studies have involved laboratory experiments, in which aquifer conditions and 
remediations are represented in a well-controlled setting, and field experiments, where 
actual aquifers are encountered. This research project will not be completed until 1990, 
so only some aspects are presented here. 

NATURAL BIODEGRADATION IN AN EXISTING LEACHATE PLUME 

Monitoring of groundwater quality at the New Borden landfill site, CFB Borden, near 
Barrie, has continued from 19B5 to the present. Sampling has concentrated upon the 
initial cell (60m x 150m) which received municipal refuse from 1976 to 1979. A plume of 
contaminated groundwater emanates from the cell and extends about 1 50m north in sandy and 
silty tills. Figure 1 shows the monitoring well locations. At each site, two or three 
piezometers were installed. Figure 2 shows the distribution of the maximum benzene 
concentrations found at each site during July/August 1985, 1987, 1988 and 1989. Sampling 
in 1985 was not comprehensive. Whereas low concentrations of benzene were found well to 
the north of the cell in 1987, detectable benzene became sporadic here in 1988 and was 
not detected (< 1.1 ug/L) in 1989. Concentrations remained above 10 ug/L in and adjacent 
to the cell over this period, without a trend to lower leaehate concentrations (BB4-2 and 
B84-3 are within the waste). Thus, the general decline in trace benzene concentrations in 
the plume may be attributed to increasing attenuation over time, rather than to declining 
source or input concentration. Such a trend is at least consistent with an increase in 
benzene biodegradation over time. This could represent a long acclimatization period (8 
to 13 years) before the onset of slow anaerobic benzene biodegradation. A more 



comprehensive review of other solute data is underway to see if the bewene behaviour is 
anomalous. It appears that halocarbons such as chloroform, triehloroethylene and 
tnchloroethane have suffered large concentration declines even within the leachate from 
1985 to 1989- These could reflect a decline in these chemicals in the leachate source or 
they could reflect more complete biodegradation under the methanogenic conditions 
developing within the waste. In any case, the natural attenuation of these trace organics 
at this site is impressive. 



IN SITU BIORESTORATION 

Borden Experimental Aquifer 

An anaerobic, landfill leachate plume emanates from the abandoned landfill site at CFB 
Borden. II was found to be essentially free of aromatic hydrocarbons and halocarbons, 
typically found in other landfill leachate plumes (Barker, 1987), A segment of this 
aquifer has been and is being used for a number of field experiments evaluating the 
migration and fate of aromatic hydrocarbons and halocarbons (Mackay et al., 1985; Barker 
et al., 1987). Recently, with the support of the Petroleum Association for Conservation 
of the Canadian Environment (PACE), the possible remediation of gasoline contaminated 
groundwater through the in situ stimulation of denitrifying bacteria has been evaluated. 
As part of the MOE-supported remedial research, we are currently also evaluating ihe fate 
of aromatic hydrocarbons following the stimulation of sulphate reducing bacteria. This 
contaminated aquifer already contains about 150 mg/L S04. Sulphate reduction appears lo 
be limited by the lack of organic substrates, rather than by the lack of sulphate. In 
both laboratory and small-scale field column tests, we have been able to stimulate 
sulphate reducing bacteria by the addition of organic substrates such as lactate, acetate 
and yeast extract. To date, laboratory experiments have not found aromatic hydrocarbon 
biodegradation under sulphate reducing conditions. These experiments are ongoing. 
Laboratory and field column evaluations of halocarbon fate under induced sulphate 
reduction have also been initialed. 

North Bay Aquifer 

The leachate contaminated groundwater at the North Bay landfill site contains up to 100 
ug/L of various aromatic hydrocarbons and less than 10 ug/L of halocarbons (Barker, 
1987). Much of the contaminated aquifer is methanogenic and the aromatics, at least, 
appear to be somewhat persistent (Barker and Mayfield, 1988). Most of our anaerobic in 
situ biorestoration research has focused upon this site. 

Initial laboratory experiments, using North Bay aquiler sand and groundwater ammended 
with additional organic contaminants and remedial additions indicated some promise for 
degradation of such compounds as carbon tetrachloride, trichloroethane. xylenes and 
efliyfbenzene Field column experiments also produced evidence of similar degradations. In 
these experiments, in situ columns of about 1 litre pore volume are flushed with 
groundwater spiked with up to 200 ug/L of similar organics and with sulphate or nitrate 
remedial additions and then sampled periodically. Eventually, native groundwater 
re-enters the column as samples are withdrawn, thus ending the experiment. Aclon and 
Barker (in prep.) describe the procedure. The columns are described by Gillham et al. (in 
sub.). 



Figure 3 shows the changing concentrations of bromide, the conservative tracer, remedial 
additions (nitrate and sulphate), carbon dioxide generated, nitrous oxide and methane 
concentrations and selected organics during the 105 day field column experiments. The 
reasonably constant bromide values indicated that the spiked water introduced into the 
column did not undergo significant dilution by native groundwater and so other solute 
concentration changes likely represent the result ot reactions within the aquifer 
included within the column. Nitrate was consumed and nitrous oxide was produced in 
another column to which an acetylene block was also added, demonstrating that 
denitrification did occur hi column N. Not much sulphate reduction or methane production 
is evident in column S. 

Under denitrifying conditions, few aromatics were removed. With sulphate addition and 
perhaps very minor sulphate reduction, impressive tosses of aromatics was noted (Figure 

Many of these experiments were repeated this summer and the results are being evaluated . 
Interestingly, in all anaerobic field or lab experiments, rapid loss ot carbon 
tetrachloride with some appearance of chloroform was found. This is consistent with a 
reductive dechlorination of carbon tetrachloride with 10 to 25% converted to chloroform, 
which then slowly decreased over the 200 day tests. Although the reaction may be 
microbially-mediated, the fad that it occurred under a variety of reducing conditions 
suggests that it is abiotic. 

Sulphate reducing conditions appeared to stimulate a variety of aromatic and halocarbon 
degradations and so a field test of its efficacy has begun. At an experimental site 
within the North Bay plume, contaminated groundwater is withdrawn, spiked with bromide 
tracer, selected contaminants (benzene, toluene, ethylbenzene, xylenes and 
1 ,2,4-trlmethylbenzene) and sulphate remedial solution, and reinjected below the water 
lable into the contaminated aquifer (see Figure 4). This injection will continue as long 
as possible this fall, with monitoring of the progress and fata of the organics within 
10m of the injection wells using a detailed multilevel sampling well network. 

FURTHER RESEARCH NEEDS 

Such experiments address the microbiological aspects of anaerobic in situ remediation, 
but do not address the important aspects of how a remedial solution can be mixed, in 
situ, with the dissolved contaminants. Berry-Spark and Barker (1987) demonstrated that 
the natural processes of advection, dispersion and retardation produced such a mixing rn 
the Borden aquifer, bul such mixing will depend on site specific hydrogeological 
conditions. Some sites may not permit sufficient addition of remedial solutions or may 
not permit sufficient mixing. These and other, mainly microbiological, limitations will 
mean that in situ biorestoration will not be the panacea for the clean up of groundwater 
contaminated by organics. This research has begun the evaluation of the place of this 
novel remedial technology within the options lor restoring contaminated groundwaters. 

Nor does the current research adequately identify 1he impact of the in situ remedial 
measures on other water quality parameters. In the current field test at North Bay some 
attention will be paid to inorganic parameters such as reduced nitrogen and metals and to 
organic parameters such as phenol and acids. However, at other sites different 
contaminants may be of concern and the current research will not be adequate to address 
such concerns. Clearly, a better understanding of anaerobic processes in groundwaters is 



required in order to extrapolate our studies to other sites. As part ot this 
generalization process, additional site studies will also be necessary. 

No one remedial strategy will work tor all contaminated groundwaters. As our appreciation 
of the potential of in situ biorestoration improves, there will be a need to consider it 
within the capabilities, strengths and weaknesses of other remedial technologies, 
particularly the pump and treat methods. Even now, it may be useful to direct research in 
biorestoration into those combinations of chemicals and site conditions not likely to be 
easily dealt with by other technologies. Unfortunately, all remedial methods seem 10 be 
best suited to permeable aquifers. However, in situ biorestoration may be best suited to 
biodegradable contaminants that are strongly sorbed and therefore difficult to remove by 
pumping, 
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Figu»e 1. New Borden landfill site plan, showing landfill cells and location ol 
monitoring wells sampled in this study. 




figure 2. Contours of maximum benzene concentration In groundwater at each monitorinq 
„ /J 985 (a) ' 1987 (b >- 19Sa W" 1939 (*• Benzene concentrations are in 
ug/L N A ■ not analyzed; H D - below detection (about 1 . 1 ug/L) ; NS ■ not sampled 
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Figure 3. Relative concentrations in pore waters Irom column experiments in which 
stimulation of denitrifying (N) and sulphate reducing (S) conditions were 
atlempted. 
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1 Introduction 

This paper present* some recent result* from a research programme studying 
the behaviour of hazardous immiscible liquids and their vapours in soil This 
program lia* !>•» u in prnRtrttt *inre I9W3 in the Department of Civil Engineer- 
ing at the Umvrmlv of Waterloo. Part of (his study is currently foenssed on 
the practice of forced air renting a* ;i raraaj for removing volatile contami- 
nants from soil, and it is tin* irorJl l< > which tins papeT is addressr-d. Presented 
up resuli I :> ' ■ r.ilory vnifiut *x prniiM'itls a> well as a mathematical model 
used For simulaling thr experimental results Initial ejEperimentaiion for this 
projec) was described prevjonsly t*> FaTquhar, rJ.aL, 1988. 



2 Background 

In recent vriirs. ^< n I venting has gained increased exposure as a remediation 
method For spills -if volatile organic rnnfanvinaatfi- Removal is achieved by 
enhanced advertivc vapour phase I r+m?-|iH *rt . induced bj withdrawing or in 
jecting air through welll screened in Ihe ansatoiaicd zone. Contaminant 
vapours arc swep1 along tbe tiufuced njf flow path toward withdrawal wells, 
where lliey ate removed and treated <>r released directly to the atmosphere. 
Cnii si mil lerharjrjm; "f (he nnsntiir;iiid 7.<mc with fresh air leads to increased 
contaminant voUtiliantiim St-vrr-il -mi< rssfnl Application* of Soil venting for 
solvent* and lighl hydrnrmrbon* ftAV ' '" '" reported within the reeenl past, 
by Ztmiiiermauii and Hnznys, l!M*ii; H«wg and Cliff, 1H87; and R&ehr, el al„ 
1S8»i tn nam.' a few rJ"wr¥< r. i In podiM ability of the method is still very 
poor Application* .( hnil venting h* n remediation technique are performed 



wilh little advance knowledge of how to drsign and operate an optimum sys- 
tem and without reliable estimates of the extent of clean up that it possible 
and the time in which it can be achieved 

Laboratory scale column experiments performed by other* (Marley and 
Hoag. 1384, Baehr, ejmL, 1989, Johnson, et al ■ 1987) have tended to show 
that local liquid-vapour equilibrium exists in the porous medium, and the 
chemical concentrations in the exhaust vapour are at or near their saturation 
limits. If the chemical source is a multi-component mixture, such a* gasoline, 
the resulting exhaust concentrations show a decline over time, due to selec- 
tive volatilization of the more volatile components. In column experiments, 
this process has been simulated successfully (Baehr, cLaL, 1989) using an 
equilibrium based model to predict the vapour concentration of each compo- 
nent in the exhaust gas, based on the vapour pressures. A feature of these 
column experiments was that the entire cross-section of the column was at 
residual saturation with the hydrocarbon source In large scale experiments 
(Wootjin and Voynick, 1984, Rainwater, et al. , 1988) and field applications, 
where the contaminant source is discontinuous, concentrations in the exhaust 
gas are significantly less than equilibrium saturation levels It can be sur- 
mised that this is due to air flow through uncontaminated soil rones where 
no residual is present, and in such cases there is no basis for predicting the 
chemical removal rate Similarly, mathematical models formulated for the 
analysis of toil venting (Baehr. el al . 1989, Stephanatos, 1988) assume lin- 
ear instantaneous equilibrium relationships for the description of interphase 
transfer between the liquid and aqueous phases and the gas phase. 

2.1 Objectives 

The purpose of this study can be summarized as follows: 

1. to examine the validity of the equilibrium saturation assumption using 
laboratory column experiments 

2. to devise experiments in which the chemical source would more closely 
simulate a contaminant spill and the resulting vapour concentrations 
from venting would be lets than saturation levels 

3. develop a predictive relationship to describe this behaviour based on 
experimental results and relevant theoretical considerations 
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Table 1. Soil Properties 

Intrinsic Permeability (k| 1.45 » 10" 7 cm' 

Porosil) -( 

Organic Content 0.17% dry wl 

Water Content 035% dry wl 

Bulk Density 1.60 9,'cm 3 

3 Experimental Work 

Laboratory experiments were conducted to observe and to quantify the rate 
at which a chemical source in a porous medium would volatilize and sub- 
sequently tie transported under a forced air flow Experiments were per- 
formed in vertical columns and in a large rectangular flux box. The principal 
variables were air flow rate, chemical type, and the size and shape of the 
contaminant zone to be removed 

3.1 Materials and Equipment 

Experimentation made use of two columns of different sizes, shown in Fig- 
ure I. Airflow was introduced into the column from the bottom using positive 
pressure The desired flow rate for each experiment was set initially using 
the inlet flow- meter, and outflow was monitored over the course of the ex- 
periment since it was a function of the chemical concentration in the exhaust 
gas Vapour samples were drawn from the exhaust line, immediately after 
the gas exited from the column, and were analysed by gas chromatography 

A series or experiments were performed in a large box. illustrated in 
Figure 2 This box had been constructed for earlier work by Kell (1988) and 
was fitted with two vents to make it suitable for toil venting Instrumentation 
for the box experiments was simitar to that used for the columns The design 
and operation of the experimental equipment is described in more detail 
elsewhere (Farquhar. et al . 1988. Benson. 1983). 

The soil used for all experiments was a fine, uniform Ottawa sand Soil 
properties are listed in Table 1. 

Three different chemicals were used in this study, hexane, heptane, and 
trichloroethylene (TCE). with hexane being used predominantly. All three 
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Table 2; Chemical Properties 

Hexane Heptane TCE 



Formula 


r 6 H„ 


C,H lt 


C,HCl, 


Vapour Pressure {rnmHg, 20*C) 
M W. (j/tno/() 
Density {gfcm') 


124 

86.2 

0,67 


40 
1002 
0.68 


60 
131 .4 
1 46 



chenucaJs are considered volatile and are good ear.dida.es for removal from 
soil by venting Chemical properties are summarized in Table 2 

3.2 Column Experiments 

3.2.1 Column 1 I Chemical souree occupying entire eross-aection. 
Initial experiments were carried out in the smaller of the two columns In 
these experiments, the chemical was poured into the sand packed column 
from the top and allowed to mi grate downward, for a period of 4.5 hours. 
Separate experimentation showed tha. after 4.5 hours the chemical was at^a 
residual saturation of 72 ml per litre of sand, which was approximately 60 „ 
of its ultimate residual saturate capacity After 4 5 hours, the column was 
topped up w,th clean sand, capped and vented from the bottom with an air 
flow of 0.5 i/min. which translates to a specific discharge of 11.0 eni/min. 
Effluent vapour concent rations were monitored over the course of the run. 
This experiment was performed using three different chemicals, hexane, hep- 
tane and TCE with a constant volume (90 ml) added to the column for each 
run The results presented in Figure 3 show that the exhaust concentration 
for hexane and heptane quickly reached its saturated equilibrium value and 
remained near this level over the course of the run before declining quickly 
to near wro The exhaust concentrations of the denser TCE remained at 
approximately 85% of the saturation concentration. 

Two variations of this experiment were also performed. In the first, sand 
was initially mixed with hexane and packed into the column at a residual 
content substantially less than the estimated ultimate residual saturation 
capacity In the second variation, the sand packed column was initially satu- 
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rated viif h water and allowed to drain to its field capacity before the hexane 
was added In both cases, the resulting hexane concentration in the effluent 
gas was essentially unchanged (torn thai presented in Figure 3. 

3.2.2 Column 2 : Chemical source as a residual core in the soil. 

A second set of experiments was performed in the larger column, using hexane 
exclusively as a chemical source. In order to draw conclusions regarding 
the effect of spill geometry on removal characteristics, it was necessary to 
introduce the chemical info the sand in such a way that the dimensions of 
the resulting contaminated zone would he known This was accomplished 
by containing the hexane, as it migrated downward, within a form packed 
inside the column. This form could subsequently be removed to produce a 
cylindrical zone containing hexane at a known residual saturation. 

Initial experiments were performed with the interior confining tube in 
place, in order to isolate the chemical removal due solely to air flowing 
through the zone of contamination Air flow rates of 0.5, 1.0, 3.0, and 5.0 
l/tnin were used The corresponding specific discharges were 2.7, 5.5, 16.4, 
and 2~ 4 rm/min, respectively These velocities are relatively high by field 
standards and would be most likely to occur in the vicinity of the discbarge 
well. The results for a single experiment are shown in Figure 4 These results 
show both the exhaust hexane concentration (mj//| and the mass removal 
rate of hexane {mgfmin) over time, for various flow rates It can be seen 
that Ilie hexane conrenlralion remains constant, independent of the air flow 
rate, and as a result the mass removal rate is solely a function of air flow rate. 
It can be concluded that the portion of the total air flow that passes through 
the interior column of residviallv saturated sand emerges saturated with hex- 
ane vapours and is therefore not affected by changes in the air velocity The 
concentration in the exhaust gas is substantially less than saturation levels 
due to the diluting effect of the air that passes outside of the contaminant 
zone. 

In subsequent experiments, the confining form was removed from the col- 
umn, leaving a cylindrical plug of contaminated sand. This plug could have 
a diameler of either 4.8 cm or 7 5 cm, and its height was dependent on the 
volume of hexane This volume ranged from 60 ml to 120 ml which, for a 
4.8 cm diameter form, would result in heights ranging from 48 cm to 96 cm. 
As before, the air inflow varied from 5 to 5.0 t/min. Results from four 
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separate experiments are plotted in Figure 5. showing the mass removal rate 
of hexane verses time, for 4.8 cm diameter contaminant plugs of heights 48 
cm and 72 cm, and air inflows of 10 and 3.0 l/min. The results show that 
(he mass removal tale increases with air flow, however the actual concen- 
tration of hexane in the exhaust vapour decreases with increased air flow 
Also, the concentration of hexane. and as a result the mass removal rale, 
increases with the axial heighl of the zone of contamination, for a given air 
flow. The actual hexane concentrations for these experiments were greater 
than those measured during the previous experiments, where hexane removal 
was due solely to air flow within the zone of contamination. In these latter 
experiments, there is additional removal due to outward migration of hex- 
ane into air passing along the perimeter of the contaminant plug. However. 
the resuhins concentrations are still substantially less than the theoretical 
equilibrium saturation 

3.3 Box Experiments 

A series of experiments were performed in the large box in order to observe 
the phenomena studied in the column experiments on a larger scale, and to 
consider the effects of another dimension in the analysis The experimen- 
tal variables were air flow rale and the dimensions of the chemical residual 
source, which was hexane 

As in the column experiments, the hexane was poured into a form packed 
within the sand, so that the shape and dimensions of the resulting lone of 
residual contamination would be known In this case, the form was a specially 
fabricated open-ended stainless steel box, with dimensions 90 cm high by 30 
cm long by 5 cm wide This box was constructed in such a way that each side 
could be removed independently, therefore minimizing the disturbance to the 
chemical source. The resulting zone of residual contamination had a length 
of 30 cm and a cross-sectional width of 5 cm, and the height was determined 
by the volume of hexane. In the experimentation, hexane volumes of 336 
ml, SOS ml, and 673 ml were used which, based on a residual content of 72 
ml per litre of sand, would result in heights of 31 cm. 47 cm, and 62 cm, 
respectively 

Air flow in the box was induced by negative pressure created with a 
vacuum pump Air flow rales of 6.6. 13.2, and 26.4 l/min were used for the 
experimental runs, corresponding to specific discharges of 3.6, 7.2, and 14 5 



18 



1400 



1200 



1000 



x 



x 



m 
m 
m 



60 ml, inflow i.O 1/min 

90 ml. inflow 1.0 1/min 

60 ml, inflow 3.0 1/min 

90 ml. inflow 3.0 1/min 




80 100 120 140 160 
Time (minutes) 



Figure- 5 Mass loss nit of hcianc (or 4-8 cm di» plugs (inflows 1.0 and 3.0 
1/min) 



19 



Vapour Flow, U 




Residual Contamination Zone 



Figure 6: Development of centre nlration profile 

cmjmiu, respectively. Pressure measurements in the box indicated that flow 
through the chemical source was essentially horizontal and uniform. 

Examination of the resulting relationship between hexane mass removal 
rate ami time showed the same trends as were observed in the column ex- 
periments. Results will be presented in the following section 

4 Model Development and Simulations 

After the completion of the laboratory experimentation, the second part 
of this study was directed towards developing a method to mathematically 
predict the vapour concentrations in the exhaust air. Ideally, this formulation 
would apply not only to the experimental work, but alto would have wider 
applications in soil venting. 

Based on experimental evidence, it was concluded that incoming air pass- 
ing through the zone of residua] contamination would emerge at equilibrium 
saturation with respect to the chemical source, in this case hexane It then 
remained to predict the additional chemical removal due to air passing along 
the periphery of the contaminant zone The problem was conceptualized as 
a boundary layer problem, illustrated in Figure 6 

Air passing along the contaminant zone is initially free of chemical vapours, 
however a concentration boundary layer develops due to vapour phase dif 
fusion perpendicular to the direction of air flow. Assuming a constant con- 
centration C, at the surface, the steady-state mass transfer equation can be 
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wnllen a = (Brodlcey and Hershey. 1988) 

V, : vapour velocity in x-direetion \f) 

I \ vapour velocity in y-directton ( £ ) 

C \ concentration of chemical in vapour phase (rl) 

: diffusion coefficient |^) 

For this analysis, it was untuned thai the vapour velocity through the 
lone of residual contamination was equal to the vapour velocity through the 
surrounding sand Experimentation showed 1 thai the vapour phase conductiv- 
ity in ihe residual zone was only 5% less than the conductivity in surrounding 
sand, so this assumption should have introduced little error. In this ease, the 
velocity in the y-diredion »'»« assumed to be zero, and (he mass transfer 
equation reduced to. 

££-££-0 (2, 

V P fix 

Boundary conditions were set as follows' 

for t - : C = C, for y = unci <" = for y m oo 
for i = : C - for » 

This problem has the same form as one-dimensional transient heal trans 
ftf in a semi-infinite slah, ant! I lie solution can he written as (Brodkey and 
Hersliey. 1P88; Tikhonov and Siunarski. 19R3): 

r(x.y|=r r |l-rr/( * )] (3) 

where o is a constant equal to D l' r 

This formula was incorporated inJo a computer model to simulate the 
experimental conditions It was assumed thai the portion of the total air 
flow passing through the zone of contamination would emerge at saturation 
This saturation concentration was calculated using the vapour pressure of 
the chemical at the appropriate temperature and pressure. And the ideal gas 
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law. Additional concentrations wen* calculated using Equation 3, with the 
appropriate diffusion coefficient and the air phase velocity calculated from 
the specific discharge and thr porosity of the soil. Essentially, the model 
worked by calculating the concentrations at an instant in time, based on 
the dimensions of the contaminant sone, and then calculating the average 
chemical removal over a small tune increment The amount of chemical 
removed was then subtracted from the total mass, and the new dimensions 
of the residual tone were calculated This process was continued in a time- 
step fashion until all the mns« wns removed 

The results of the model simulations for three experiments performed in 
the box are shown in Figure 7, as well as ihe experimental data These 
results are for contaminant zones of 1 hree different heights, vented at a con- 
stant flow rate. The model results show reasonably good agreement with the 
experimental results. 

5 Discussion 

The results obtained from these experiments indicate that it may be reason- 
able to assume equilibrium saturation concentrations in exhaust gases from 
■ait venting, bm only when all the air passes through the tone of contamina- 
tion* This is unlikely to be the case in most field situations. Experimental 
results, and subsequent analysis, for cases where there is air flow around a 
simulated contaminant spill have led to a predictive relationship for mass 
removal that appears to be promising This formulation relies on the equi- 
librium vapour saturation con rent ration of the contaminant, the ait phase 
velocity, and the appropriatp diffusion coefficient . To date, good simulations 
of laboratory experiments have been accomplished, however this analysis re- 
quires that the shape and dimensions of the contaminant zone be known , an 
unlikely circumstance in field applications 
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ABSTRACT 

Four Leda clay samples from the Ottawa/Carl eton region were permeated 
with municipal solid waste leachate to assess their mutual compatibility 
using hydraulic conductivity, k, as the assessment tool. Three soft, 
unweathered samples were tested undisturbed at stresses less than the 
preconsolidatiDn pressure and, one sample of weathered clay was tested 
after recompaction. 

All four specimens contained K' collapsible vermiculite which 
collapsed to 11 lite during leachate permeation. The weathered clay 
actually underwent a 48* drop in cation exchange from 33 to 17 meq/100 g. 
In spite of the changes in mineralogy, the presence of effective stresses 
on the samples induced enough "chemical " consolidation to counter the 
adverse effects of chemical interaction. The result was a slow decrease 
or a constant k during testing. 

Leachate saturation induced continuous consolidation creep throughout 
permeation that was not observed during water permeation at stress levels 
less than the preconsol idation stress. 



INTRODUCTION 

Leachate solutions generated by rainwater infiltration into and 
through various types of waste must be compatible with the liner 
(synthetic or natural) used to retain the waste. Should chemical 
interaction destroy the liner, leachate would escape into the local ground 
water possibly destroying a vital local resource. 

This paper summarizes the results of a project carried out to assess 

the compatibility of Leda clay from the Ottawa/Carleton region of Ontario 
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with typical domestic waste leachate. Measurement of hydraulic 
conductivity was the assessment tool. The work was in the nature of a 
contract and was carried out as Project #299PL. 

The terms Df the contract required testing of four typical Leda clay 
samples and selection of these samples was the most difficult part of the 
project. The final four samples consisted of two soft clay samples from 
Candidate Site (10, one stiff sample from Site #19 and one weathered and 
fissured surface sample from the grounds of the National Research Council 
of Canada. 

Domestic waste leachate from the Westminster Landfill site near 
London, Ontario was used as the influent permeant for the hydraulic 
conductivity tests. 

For a complete description of this project, the interested reader is 
referred to our final report to the Ministry of the Environment dated July 
14, 1989. 



RESIDUAL SOIL CONDITIONS 

A map of the Ottawa region taken from Crawford and Eden (1965) is 
presented on figure I. The locations of the three sites from which the 
clay samples were obtained are shown by the solid triangles. Site #10, 
which is most distant from Ottawa, is a candidate site; Site #19 was a 
possible energy-from-waste site; and Site #E is at NftC. The letters A to 
K on the map and the underlying profile refer to study locations discussed 
by Crawford and Eden. 

The small scale cross-section illustrates the probable erosion in the 
area. Generally speaking, in low elevation areas of extensive erosion the 
clays are stiff and heavily preconsol idated compared to soft normally 
consolidated clays in uneroded areas. These trends are discussed in 
detail by Crawford and Eden (1965) and clearly show a trend of less 
preconsol idation and hence softer clays in higher elevation regions. 



DESCRIPTION OF TEST SOUS 



Physical Properties 

The two Site #10 samples consisted of soft, grey, sensitive, silty 
clay from depths of 3.8 and 11.5 m. A thin sand cover at this site 
appears to have prevented extensive desiccation resulting in soft clays 
with high water contents of 55 and 67%, both exceeding their corresponding 
liquid limits of 51 and 65* (Table 1). Consolidation curves for these two 
samples are presented on Figure 2a and b. Both curves are S-shaped 
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indicating sensitive soils prone to large settlements if stressed beyond 
the two rather low preconsot idat ion pressures of - 55 and - 80 kPa. This 
clay demonstrated variations in water content of up to 50% over vertical 
intervals of only 2 or 3 cm. This was caused by invisible laminations 
related to deposition of silt or flocculated clay from overflow currents 
(Quigley, I960). 

The Site #19 sample was a grey silty clay from 3.3 m depth with a 
water content of 48% (close to its liquid limit of 49%). The 
consolidation curve on Figure 2c indicates a preconsolidation pressure of 
214 kPa suggesting significant erosion in this area. 

The Site »E sample consisted of a fissured, blocky, weathered, 
greyish clay from only 1.14 m depth, having a water content of 35%. The 
corresponding liquid limit was a high 70%, strongly suggesting the 
presence of swelling minerals. The consolidation curve for a wetter 
specimen from 1.26 m (Figure 2d) is a broad flat curve characteristic of 
overconsol idated clay. 

Mineralogical and Porewater Characteristics 

The x-ray powder patterns (not presented) and the traces for pressure 
oriented whole soil samples on Figure 3 indicate that all four samples 
contain abundant quartz, moderate to abundant feldspar, and moderate 
amounts of illite. Carbonate comprises 3 to 7.5% of the Site #10 and Site 
#19 samples but appears to have been leached out Df the Site *£ sample. 
Chlorite is present in moderate amounts in the Site #10 samples, in trace 
amounts in the Site #19 sample, and completely absent from the Site #E 
sample. Minor to trace amounts of swelling clays were present in the 
samples from Sites #10 and #19. The Site #E sample, however, contained 
abundant swelling clay, probably produced by oxidation weathering of 
original chlorite normally found in Leda clay but absent from the Site #E 
sample. A summary of the qualitative mineralogy is presented in Table 2. 

The porewater chemistry is also presented in Table Z. The two Site 
#10 samples are dominated by Na' at salinities of 1.5 and 6.5 g/L. The 
Site #19 sample has been leached free of salts having a salinity of only 
0.3 g/L. The leached NRC sample had a salinity of 1.5 g/L and was 
dominated by calcium in the pore water. The calculated sodium adsorption 
ratios (SAH) varied from 1 to 7 for the low salt clays increasing to 23 
for the saline soil from 11.5 m depth at Site #10. 



DESCRIPTION OF LEACHATE 

The test leachate collected from the Westminster Landfill site in 
April 1988 was divided into two portions, one to study leachate stability 
and the other for use as the influent permeant. The composition of the 
leachate just prior to the first permeation run was as follows: 
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Item Concentration (rog/L except pH) 



PH 


6.9 


Chloride 


1323 


Sodium 


647 


Potassium 


372 


Calcium 


247 


Magnesium 


280 


Iron 


66 



Potassium is an important constituent since the swelling clay 
component of Leda clays is subject to c-axis contraction caused by K* 
fixation. Ammonium (NH ( *) acts in a similar way but was not measured. 

Raw leachate is a very unstable material probably because of 
bacterial activity. Ca" precipitates as CaC0 5 and Fe** precipitates as 
amorphous FeSj forming black slimy floes (Yanful, Fernandez and Quigley, 
1937), The resulting reductions in influent Ca" and Fe** must be 
monitored along with the effluent chemistry so they are not confused with 
legitimate interactions between the test clays and the leachate. 



METHODS 

A computer controlled, constant flow rate, fixed ring permeameter was 
used for the study. A low vertical effective stress of 40 kPa was used 
so that the soft soils would not be overstressed (if possible), 

A very slow flow rate of 15 to 20 x 10" 5 mL/s was employed so that the 
seepage drag farces at the base of the samples would be as small as 
possible. A displacement rod enabled measurement of consolidation during 
both static loading and seepage drag loading during permeation. 

The three Site #10 and #19 samples were tested "undisturbed" to 
represent field conditions. The stiff fissured clay from Site #E was so 
pervious that it had to be slurried and compacted into the permeameter to 
lower the hydraulic conductivity to a value characteristic of the 
mineralogy rather than the fissured soil structure. 

The influent and effluent chemistry was monitored and the k-tests run 
until the effluent values of potassium, which was highly retarded, had 
reached influent values thus indicating equilibrium. 

Post-testing assessment involved x-ray diffraction on pressed pellets 
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of soil from the actual k-tests and cation exchange capacity measurements 
to explain the significance of major changes in the x-ray traces. 

Details of the methods are presented in the final report. 



RESULTS 



Reference Hydraulic Conductivity with Hater 

The results of the reference k-testing, using 0.01 N CaS0 t in 
distilled water as the permeant, are presented on Figures 4 to 7, 
inclusive. Each figure contains a plot of hydraulic conductivity, k, and 
settlement, p, vs pore volumes passed through. 

The Site »10 sample from 3,8? m depth yielded k - 3.5 x 10* cm/s 
using a flow rate of 8.9 x 1Q' 5 mL/s. At this rate, the total static + 
drag stress at the base of the sample was 42 kPa which is below the a ' - 
55 kPa. As a result the settlement caused by seepage was minimal as snown 
by the settlement curve. The initial settlement due to the static loading 
of 40 kPa was 0.396 ran which was about 2% of the 20 urn sample thickness. 
This settlement results from sample disturbance and is inevitable for 
sensitive clays. Increasing the flow rate to 44.5 x 10' 5 cm/s increased 
the maximum effective stress to 60 kPa (40 static + 20 seepage) causing 
some settlement and a small decrease in k to 1.95 t 10 s cm/s. 

Similar patterns of settlement and hydraulic conductivity may be 
observed for all four test specimens on Figures 4 to 7. On the basis of 
these tests the flow rates for leachate permeation were kept below 20 x 
10'' ml/s. 

The reference k-test values and the corresponding void ratios of the 
test clays were as follows: 



Sample Number 
and Depth 


Void 
Ratio 

1.484 


Reference k (water) 
cm/s 


10-3-WOF 
(3. 82 m) 


1.95 x 10 7 


10-2-UDE 
(11.5! m) 


1.723 


6.4 x 10 * 


19-1-3 
(3.29 m) 


1.369 


1.8 x 10'' 


IE (NRC) 
(1.14 it) 


0. 978 


6.05 x 10'' 
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These data are plotted on the summary plot as open circles on 
Figure 12. 

Hydraulic Conductivity with Leachate 

The results of the leachate compatibility k-tests are presented on 
Figures 8 to 11, inclusive. These tests were run on different specimens 
containing the original pore water. Three of the tests (Figures 8, 9 and 
10) were run in two steps with a 10-day no-flow period between them. The 
purpose was to allow the test on smectitic Sa IE to catch up and to assess 
any creep effects in the Site #10 soils which would be loaded to or beyond 
o ' if a landfill is built on then. As noted previously all tests were 
terminated when the effluent K* reached influent values, indicating 
equilibrium. 

The deep sample from Site #10 (Figure 9) and the stiff sample from 
Site 119 (Figure 10) both display a long slow decrease in k over the 11.5 
pore volumes of leachate permeation. This decrease is accompanied by a 
slow creep consolidation shown by the settlement curves. Since both of 
these specimens were overconsol idated relative to the total static and 
seepage stresses on the samples, this creep is attributed to chemical 
interaction with the MSW leachate. The 10-day resting period had little 
effect on the test results. 

The shallow sample from Site #10 (Figure 8) was subjected to a 
maximum static plus seepage stress of 55 kPa which is approximately equal 
to the preeonsolidation pressure. During the initial permeation of 6.8 
pore volumes of leachate, a slow decrease in k may be observed, even 
though the settlement had stopped. The 10-day resting period caused a 
significant increase in consolidation once permeation was recommenced. 
This was accompanied by a corresponding decrease in k. 

The smectitic Site #E sample (Figure 11) shows an almost constant k 
value for the entire 9.2 pore volumes Df leachate flow despite a large 
amount of settlement and reduction in void ratio. This unusual behaviour 
is related to a large decrease in cation exchange capacity discussed 
later. 

In summary, the final void ratios and the corresponding value of 
hydraulic conductivity for the leachate permeated samples are tabulated 
as follows: 
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Sample Number Void Final k (leachate) 
and Depth Ratio cm/s 

1 °- 3 - W0F 1.187 2.5 x 10"' 



(3.86 m> 

10-2-WOE 
(11.57 ml 

19-1-3 
(3.10 m} 



1.5*4 4.3 x 10"" 

1.397 3.9 x 10* 



(1.12m) °- 966 



3.6 x 10 



Discussion 



Since all of the k-tests started and terminated at different void 
ratios, comparison of any clay/leachate interaction trends are most likely 
to appear on a summary plot of void ratio vs k. Such a plot is presented 
on Figure 12 which clearly shows a trend of lower k vs void ratio for the 
leachate -permeated specimens than the water-permeated specimens. 



EFFLUENI CHEMISTRY 

in the final report, plots of effluent chemistry vs pore volumes are 
presented for all four tests for pH, «', Fe, Na\ K*, Ca and Mo". For 
this paper, only a very brief description is presented. 

For all four tests, K* was strongly retarded. About 6 PV of flow was 
required for the two Site 010 samples and about 10 PV for the Site #19 and 
#E samples. For Sa #E (NRC), the potassium did not even appear in the 
effluent until after 2 PV of flow. 

Adsorption of K* by all samples and adsorption of Mg" by Sa IE (NRC) 
results in desorption of other species. This desorptiDn, if intense 
enough, appears as a hump on the effluent curves which is equivalent to 
a hardness halo. Sa #10-3- WOF displayed a Mg" halo; Sa 110-2-WOE showed 
a slight Mg" halo and a prolonged Na* removal; Sa #19-1-3 showed a strong 
Ca" halo; and Sa #E (NRC) displayed a very strong Ca" halo. 

Some of these trends are reflected in the post-testing assessment 
chemistry. 
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POST-TESTING ASSESSMENT 

X-ray diffraction traces obtained on pressed pellets of whole soil 
samples from Sa #10-3 -WOF (3.86 m) and Sa IE (NRC) are presented on 
Figures 13 and 14. The Site #10 sample (Figure 13) contains some 
vermiculite/smectite in its natural state which collapsed to illlte on 
exposure to leachate (reduction In height of the 1.47 nm peak and Increase 
in height of the 1.0 ran peak). The Site IE sample contains abundant 
vermiculite/smectite (1.52 nm peak) and abundant interlayered illite/ 
smectite (1.24 nm peak) in the natural state. As shown by the traces on 
Figure 14, both these species literally disappear on leachate permeation 
due to K* fixation. 

A summary plot of the 1.5/1.0 nm peak height ratios is presented on 
Figure 15 as a rough guide to the magnitude of the collapse. Sa IE (NRC) 
has obviously undergone a large change in mineralogy relative to the other 
three samples as a result of leachate permeation. 

As a final check on the intensity of collapse, the CEC values are 
compared before and after leachate permeation as follows: 

Sample Number Cation Exchange Capacity, meg/100 g 



and Depth 


Natural 


Leachate 


CEC 


10-3-WOF 
(3.86 m) 


14.0 


15.6 


♦ 1.6 


10- 2- WOE 
(11.57 m) 


28.2 


21.9 


- 6.3 


19- 13 
(3.10 m) 


22.7 


19.8 


- 2.9 


IE (NRC) 
(1.12 m) 


31.S 


17.5 


-14.3 



The CEC values changed very little for the Site #10 and #19 samples 
indicating only minor mineralogical alteration as a result of leachate 
permeation. The CEC of the Site IE (NRC) sample decreased significantly 
from - 32 meq/100 g (natural) to 18 meq/100 g (leachate). This large 
decrease in CEC translates into a loss of double layer cations and double 
layer water and explains the large amount of consolidation during leachate 
permeation without a corresponding decrease in k. 

Discussion 

Most of the southern Ontario clayey soils studied to date have 
exhibited only modest c-axis contraction and K* fixation as a result of 
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permeation with normal domestic leachate, at least in the wet state 
(Quigley et al, 1988). The charge deficiency of the swelling clay 
component seems to be borderline between smectite and vermiculite (-0.5 
to -0.6/unit cell of 10 oxygens). As a result, the swelling clay 
collapses extensively in the presence of dilute Kl if air dried but not 
if kept water-wet or leachate-wet as is the ease for an operating liner 
or natural barrier. 

The significant contraction of the leachate-wet swelling clays found 
in the four Ottawa/Carl eton Leda clay samples seems to be something new, 
especially the phenomenal collapse of the Site IE (NRC) samples. This 
collapse, clearly visible on the x-ray traces, was confirmed by special 
chemical analyses which showed a decrease in CEC from 32 to 1 7Jf meq/ 
100 g for the weathered, vermkulitic Site *E sample. 

The above discussed K* fixation and collapse phenomena occurred at a 
K' concentration of only 372 mg/L (0.01 N) in the Westminster leachate. 
This seems to be a fairly normal value for southern Ontario leachate. 
Ammonium (NH,*) is also common in leachates at concentrations up to 
1000 mg/L. It is about the same size as K* and also serves to collapse 
vermiculite. 

K" and NH 4 * fixation and c-axis contraction seem, therefore, to be 
phenomena which must be considered for Leda clays in the Ottawa/Carleton 
region. For most very stiff to hard compacted clays, a trend towards an 
increased k should result if the soils remain at constant void ratio. For 
the Ottawa/Carleton Leda clays, the net result of leachate permeation 
seems to have been a decrease in bond strength between the particles which 
caused creep consolidation In excess of that observed for permeation of 
water. The gradually decreasing void ratio caused a corresponding 
decrease in k, compensating for any physico-chemical factors that might 
normally cause an increase in k. 

The influence of leachate saturation on other engineering properties 
of Leda clay such as shear strength and compressibility are beyond the 
scope of this paper. 



CONCLUSIONS 

Four Leda clay samples of widely varying composition and physical 
properties have been permeated with domestic waste leachate to assess 
their mutual compatibility, using hydraulic conductivity, k, as the 
assessment tool. The major conclusions of the study are as follows: 

1. The hydraulic conductivity of all samples decreased as a result of 
leachate permeation. This decrease in k was in spite of K* fixation 
and c-axis contraction of soil vermiculite tD illite. 
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2. An Inferred effect of leachate permeation was an apparent weakening 
of the structure of the Leda clay resulting 1n continuing creep 
consolidation during seepage not observed for water permeation. This 
creep had not terminated at the end of testing as it had for water. 
The effects of saturation of Leda clay by domestic waste leachate on 
shear strength and compress ibility remain to be defined. 

3. All samples are believed to have been close to chemical equilibrium 
with the influent leachate since effluent concentrations had reached 
influent values when the tests were terminated. 

A. The decreases in k seem most significant at high void ratios (1.2 to 
1.6). 

5. The weathered vermlculitic Leda clay from Site IE (NRC) also 

demonstrated creep consolidation during leachate permeation, even at 
a relatively low void ratio of 0.98. K' fixation and c-ax1s 
contraction resulting 1n a decrease in volume of the solids phase 
probably caused most of this creep during which k remained remarkably 
constant. 
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Table 1. Physical Characteristics of Test Soils 



Sample 



Item 



Site #10 



Site 119 Site #E 



3.82 



11.51 m 



3.29 m 



1.14 n 



Borehole No. 
Sample No. 
Elevation 



(■) 



Water content, u (X) 

Liquid limit, u. (%) 

Plastic limit, u {%) 

Plasticity index, Ip 



10-3 


10-2 


19.1 


N/A 


UOF 


WOE 


3 


N/A 


72.05 


64.76 


66.38 


93.41 


55 


67 


48 


35 


51 


65 


49 


70 


23 


29 


22 


35 


28 


36 


27 


35 



Preconsolidation 
Pressure, a' (kPa) 



55 



- 80 



214 100-300 



Max. Comp. Index, 
C c (max) 0.76 0.62 

Permeabil ity at 
a' v - 40 kPa (cm/s) 20x10 * 6.4x10" 



0.69 



0.36 



18xl0" 8 (,) 48xl0' s 
'"0.6x10"* 



Notes: {1) Compacted fissured sample 
(2) Compacted slurried sample. 
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fable ?. Mineral 09 ical and Chemicil Chartcterf sties Bf test Soils 



Siitip 


■ 


Site 


#10 


Site f 19 


Site IE 


Item 


3.82 n 


11.51 m 


3.29 m 


1.14 m 


Sample Number 




10-3-HOf 


10-2-W0E 


19-1-3 


E-NRC 


Mineralogy: 












Quartz 




Abund 


Abund 


Abund 


Abund 


Feldspar 




Mod 


Nod 


Mod Minor 


Abund 


Carbonate'" 


[*) 


6.1 


3.8 


7.5 


0.2 


mite 




Mod 


Mod 


Hod 


Hod 


Chlorite 




Hod 


Hod 


rr 


Nil 


Smectite/Ve 


micul ite 


Tr 


rr 


Minor 


Abund 


Pore Water :<*» 












pH 




S.l 


8.1 


8.2 


7.0 


Salinity, < 3) 


mg/L 


1 , 500 


6,500 


300 


1,400 


Hi* "> 


* 


285 


1,500 


32 


335 


K- 


■ 


15 


57 


11 


15 


C*~ 


" 


M 


4; 


45 


350 


MS- 


" 


6! 


185 


33 


38 


Chloride' 5 ' 


" 


634 


3,555 


14 


1,859 ? 


SAR [t) 


meq/t)* 


- 7 


- 23 


- 1 


- 5 



Notes: (1) Carbonate by gasometric analysis, 

(2) Pore water squeezed from samples at 10 and 17 HPa. 

(3) Salinity by conductivity and reference to NaC( standards. 

(4) Cations by atomic adsorption spectrometry. 

(5) Chloride by specific ion electrode. 

(6) SAR - Sodium adsorption ratio. 
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FIGURE I. (a) OTTAWA-CARLETON REGION HAP SHOWING LOCATIONS 

OF NRC STUDY BORINGS (A TO K) AND THE UWO STUDY 
SITES (A); (b) GENERALIZED CROSS-SECTION 

[Adapted from Crawford and Eden, 1965] 
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X-RAY TRACES OF WATER-WET, WHOLE SOIL TEST 
SAMPLES, PRESSURE ORIENTED AT 120 kPa 
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FIGURE 9. HYDRAULIC CONDUCTIVITY AND SETTLEMENT VS POSE 
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FIGURE 10. HYDRAULIC CONDUCTIVITY AND SETTLEMENT VS PORE 
VOLUMES; SITE 19, BH 119-1, J.10 * DEPTH. 
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FIGURE 12, SUMMARY PLOT SHOWING EFFECT OF LEACHATE 
PERMEATION OH THE HYDRAULIC CONDUCTIVITY 
OF THE FOUR LEDA TEST CLAYS 
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CODISPOSAL OK INDUSTRIAL WASTE WITH MUNICIPAL REFUSE 
AN EXAMINATION OF THE EFFECTS OF A HAZARDOUS WASTE 

D.W. KIRK and S. PI RANI", Department of Chemical Engineering and Applied 
Chemistry, University of Toronto, Toronto, Ontario M5S 1A4 



INTRODUCTION 

The use of landfill disposal continues to be the most widely used system for 
disposal of municipal refuse. Despite the long history of landfill use the impact of 
the landfill on the surrounding environment and aquifer remains controversial. 
Although the initial content of the landfill can be estimated with reasonable 
accuracy, the rate and extent of material transfer to the environment is not well 
defined. Part of the difficulty is in quantifying the parameters that control the 
chemical and biological reactions occurring within the landfill mass. Knowledge of 
these parameters is critical in determining environmental impact and in improving 
the design of long term landfill sites- 
While field studies of existing landfills provide valuable information, there is 
little opportunity to modify controlling parameters to quantify their significance. On 
the other hand, laboratory studies generally have not been able to duplicate field 
behaviour and thus lack applicability for environmental modelling. This study has 
employed large scale laboratory leaching columns which were designed to simulate 
landfill behaviour. As a result of their size the columns are operated in an outside 
location. This scale of experimentation, though large for laboratory studies, is 
required for developing the landfill hydrodynamics and biological activity. 
l-unhermore this size of study is suitable for testing and quantifying the effect of 
various parameters on leachatc and gas generation. The parameters that were selected 
for study arc; the role of moisture input and the role of a hazardous industrial waste 
on leachatc contamination. The moisture input was in two forms. The first was with 
controlled water addition for mass balance determination, and the second was via 
atmospheric precipitation to investigate acid rain and cvapotranspiration effects. The 
role of hazardous waste was studied using a selected hazardous waste at 8 and 30 
weight percent of the municipal refuse content. The waste was added in layers in 
the lest cells. The effect of hazardous waste in a landfill site is not well understood. 
Several studies have indicated little change of leachate quality with a variety of 
wastes. A serious concern with hazardous wastes is the long term behaviour in the 
landfill environment which undergoes through several phases before final 
stabilization. The effects of the hazardous wastes may not be apparent until the 
buffering capacity of the landfill is lost. The leachate quality of a variety of test 
cells has been studied over an extended period (4 years) and the effects of the 
hazardous waste addition to the test cells are examined. 



EXPERIMENTAL 

The column sludy, supported by ihe Ontario Ministry of the Environment was 
initiated to test the feasibility of simulating municipal refuse landfill conditions and 
to investigate the effect of a hazardous solid waste on the municipal refuse 
environment. The details of the column construction have been reported previously 1 . 
There are 16 columns in operation packed with 4 different compositions: 100% 
municipal solid waste(MSW). MSW + 8% industrial waste(IW), MSW + 30% IW 
and 8% IW in sand. The high density polyethylene cylindrical columns are 1.93m 
high, and 0.33m in diameter and contain approximately 43 kg (dry weight) of MSW. 
One half of the columns receive moisture inpul from precipitation while the other 
half receive controlled periodic water additions. The systems are maintained in 
unsaturated flow conditions with regular Icachate removal from the bottom 
reservoirs. Results from three MSW columns, column numbers 1, 2 and 3, have 
been used in the comparison with small and large field cells 2 . This study is on- 
going and all the columns have been in continuous operation for over four years. 



RESULTS and DISCUSSIONS 

I-'rom previous work 2 we have demonstrated [hat the behaviour of our test 
cells containing municipal refuse is similar to that observed in medium and large 
field cell studies. The comparison was based on the concentration behaviour of 8 
elements (Cu, Zn, Fe, Na, K, CI, Mn, Mg), COD and pH. An effect of the size of 
the test cells was noted in which the smaller the cell used, the greater the initial 
concentration of the parameter measured. The differences in concentrations measured 
between the studies disappeared after the initial 2 year period. The similarity of 
concentration behaviour of the Icachate in the studies allowed a common 1" order 
rate model to be used for concentration as a function of normalised leachate volume. 

An example of a contaminant concentration that was modelled and compared 
with large field cell studies was zinc. This element is significant in our work 
because of the concentration (14 wt%) of the element in the industrial solid waste 
(Table 1). The LEP screening test did not reveal any significant extraction of the 
element from the waste. The concentration of zinc in the leachate from the 
municipal refuse columns is shown in Figure 1. The +/- 1 standard deviation from 
the leachate model is shown as two solid lines in ihe figure. As can be seen from 
the figure the test cell data displays typical variability but is generally bounded by 
one standard deviation from the model and there is a very good regression 
correlation coefficient (r=0.98) for the model. Landfill behaviour was similar though 
had lower initial values. 

The concentration of zinc found in ihe test cells with 8% industrial waste is 
shown in Figure 2. For comparison the standard deviation lines for the MSW model 
are repeated but for the data on a time rather than a volume basis. Additional 
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variability due to moisture throughput occurs, but more readily allows the 
comparison with data from codisposal columns. The 8% IW with MSW data show a 
more rapid decline in leachate concentration than do the MSW data. The model 
cannot be adapted to fit the 8% IW with MSW data with an acceptable correlation 
coefficient. A statistical "F Test" of the two sets of data show the observed 
differences are significant(a= 0.05). The failure of the model and the significant 
differences in the leachate concentrations were no! limited to zinc but were found 
for the elements Cu. Mn, Ca, Mg, Pb, Ni, Fe, Co and S. In all examples, the 
concentrations decreased more rapidly with lime or leachate volume for the test cells 
with 8% IW than for those with only MSW. This behaviour is not predictable from 
LEP tests. One suggestion that has been made regarding layers of industrial waste in 
municipal refuse is that the waste may form an impermeable layer resulting in fluid 
channelling. If this process occurred in the test columns then the concentrations of 
all the elements should be affected. This is not observed. Figure 3 shows the 
concentrations of a readily leached species (sodium), for the MSW test cells (a) and 
MSW +8%JW test cells (b). There is no significant difference between the results. 
The other readily solubilized elements K, Br and CI displayed the same behaviour as 
Na and the leachate from the columns with IW could not be distinguished from 
those with only MSW, based on analysis of the readily solubilized elements over the 
course of the study. Columns with 30% IW did show slightly elevated 
concentrations which was attributable to the additional burden of the elements in the 
IW. 

In Figure 4, the concentration of zinc in the leachate is shown for columns 
having 30% IW. Since 8% IW had a significant effect on the concentration, the 
higher IW content would be expected to have an even greater effect. However, the 
concentration data for the 30% IW test cells appears to fall into either the MSW 
concentration profile or the 8% IW profile. The one standard deviation band for the 
MSW model and the average of the four 8% IW test cell data are shown on the 
figure for reference. This dual behaviour was typical for the leachate elements Ca, 
Cu, Fe, Mg, Pb, S, Zn, Co, Mn and Ni, Since the higher industrial waste content 
did not directly lead to a more dramatic change in the leachate chemistry, the factor 
controlling the leachate chemistry cannot be the presence of industrial waste. 

In searching for factors which can be linked to the observed behaviour, the 
effect of moisture addition can be ruled out. There is no significant difference 
between the data from controlled water addition and from atmospheric precipitation 
over the time frame of this study, except for the volume of leachate generated. 
Moisture throughput affects the extent of leaching with lime but not the contaminant 
concentration on a leachate volume basis. 

Differences in Eh, the oxidation condition, among the test cells did not 
explain the IW leachate concentration behaviour but were found to be correlated 
with the pll differences. 

The role of pH on the rate of metal leaching is well established. The average 
pH for the MSW columns is shown in Figure 5. The MSW leachate has consistently 
remained more acidic than the leachates from columns with industrial waste. The 
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leachate pH from the MSW columns has been slowly rising during ihc course of the 
study. In contrast the leachate from the 8% IVV, after an initial excursion to a pH of 
7.4 has been decreasing ;ind both sets of data appear to be approaching a value of 
6.4. The more heavily contaminated MSW columns (30% 1W) again show a dual 
behaviour. Leachate from two of [he columns follow the same concentration profile 
as ihe 8% IW columns, while the other two initially followed the MSW behaviour. 
Willi the approach to a common pH, all the leachates generally have produced low 
contaminant levels in the leachate. The more alkaline nature of the leachate from the 
fW columns is interesting since the acid generated by the biological waste 
degradation should have neutralized the alkaline [W long ago. 

An S% IW+MSW and a 30% IW+MSW sample were tested using a 5:1 
water to solid ratio in a batch mode for one month. During that period, the initial 
alkalinity due to the industrial waste was acidified in the 8% sample and the 30% 
IW sample had been reduced from an initial pH of 12 to 7.5. The acidification is 
directly associated with biological activity. Thus neutralization of the industrial 
wastes in the test cells should have taken place during the field capacity stage. The 
early leachate pH values from all the test cells were acidic as would be expected. 

The association of acidification with biological activity is readily observed 
from the COD behaviour as shown in Figure 6. The columns with the more acidic 
leachate (MSW behaviour) have shown and maintained higher COD production rates 
than the other columns. Again the MSW columns and the 8% IW columns have 
shown different leachate behaviour while two of the 30% IW columns have followed 
the MSW pattern while the other two have followed the 8% IW pattern. Although 
Ihe COD production in all columns is now relatively low, there are still organic 
acids being produced in the leachates and methane being detected in the gas. 
Although the leachate contaminant concentrations may be linked to pH and COD 
levels, the role of the IW on the leachate chemistry is not yet understood. 

There have been suggestions in the literature that when the buffering capacity 
of the landfill is lost, then there may be an increase in the concentration of metal 
ions in the leachate. Although our test cells have not yet biologically stabilized there 
has been observed over the last year, a rise in the concentration of certain elements 
most notably Cd, Ni and Pb. This behaviour is shown in Figure 7 for cadmium. The 
MSW leachates have had the largest increases, though the 8% IW leachates also 
have shown a small concentration rise, A rise in the concentration of leachate 
contaminants, particularly the heavy metals such as lead and cadmium, at the lime 
of landfill siabilizalion is of concern for ihe planning of long term use of the 
landfill site. Al this stage in the study there is no clear indication of whether the 
concentrations will continue to rise or will stabilize as ihc pH values stabilize. This 
stabilization phase is poorly understood and the test cells will be maintained to 
follow this activity. 

The cause of the distinct differences in behaviour of leachate from MSW 
columns and 8%IW columns remains to be investigated. This difference is especially 
interesting in view of the dual behaviour of the 30%IW columns with two of the 
columns following MSW behaviour and two following 8%IW behaviour. 



51 



CONCLUSIONS 

1. The modelling of leachate concentrations from the simulated MSW landfill test 
cells was not able to be extended to those containing industrial waste. 

2. The differences in the leachate behaviour between MSW test cells and eight 
IW+MSW test cells may not be directly related to the industrial waste since two 
of the most heavily contaminated test cells (30%IW) had leachate concentrations 
not significantly different than the MSW leachates. 

3. Six of the test cells containing industrial waste showed common behaviour 
patterns; more alkaline leachates after initially being acidic, less COD 
production, and lower concentrations of Ca, Mg, Mn, S, Zn, Cu, Ni, Pb, Co and 
Fe. 

4. The test cells have shown an increase in concentration of Cd, Ni and Pb in the 
leachates in the past year and there has been a decline in biological activity 
during the same period. 
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TABLE 1 

ANALYSIS OF THE INDUSTRIAL SOLID WASTE 

Element Fe Zn Ca Mn Pb Cr A I Cu Ni Cd Co 

Weight 

Percent 26.8 14.1 11.9 4.01 1.99 0.21 0.21 0.18 0.04 0.04 0.003 

The principal chemical species are in simple and complex oxide forms which 
include iron spinels and silicates. 
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Fig. 1 Zinc Concentration History 
100% MSW 
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Fig. 2 Effect of Codisposal 
MSW + 8% IW 
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Fig. 3a Sodium Concentration History 
100% MSW 
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Fig. 3b Sodium Concentration History 
MSW + 8% IW 
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Fig. 4 Effect of Codisposal 
MSW + 30% IW 
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Fig. 5 Leachate pH 
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Fig. 6 COD Concentration History 
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1.0 INTRODUCTION A ND B ACKGROUND 

A soil cover or cap Is the principal and often only barrier used to separate the underlying refuse from (he 
elements, particularly precipitation, on a de-commissioned landiiSI site Differing opinions exist as to what 
portion of leachate production can be attributed to infiltration of precipitation through landfill covers 
Little is also known about the effect a cover's soil physical characteristics has on leachate production. 

Environment Ontario has initiated a couple of studies aimed at developing a field-scale lysimeier that is 
capable of making repeatable arx) direct infiltration measurements through landfill covers. II is the 
monitoring and operalton of the most recent set of 6 prototype landfill lysimeters which were installed on 
the Britannia Road landfill site In Ihe summer 1987 lhai is discussed in this paper. Ecologislics Limited. 
In conjunction with personnel from the University of Guelph, were contracted to evaluate the 
effectiveness of these lysimeters as an Infiltration measurement tool. 



2.0 



THE PROTOTYPE LYSIMETER 



The typical cross section presented in Figure 2. 1 best Sluslrates the configuration of the lysimeters 
installed Note that, while this base design was used for all six lysimeters. two different material 
mediums were tested tor their applicability in the storage zone A 21 cm deep storage zone consisting 
of a matrix of 100 mm diameter drainage tSe was incorporated into Ihree of Ihe six lysimeters and is the 
storage zone type shown in Figure 2.1 The remaining three lysimeters utilized a 30 cm layer of washed 
gravel to form the storage medium. This added depth of storage zone was accommodated by reducing 
the thickness of Ihe overlying sand layer. Calibration of Ihe storage zones In each ol the lysimeters 
indicated that Ihe typical porosity of the storage zone In ihe "drain tHe type" lysimeters was 91 %, while 
ihe "gravel type" lysimeters possessed on average a porosity of 37% Finally, note that while the cross- 
section indicates the presence of gas monitoring and exchange lubes In the lysimeter. only 2 of the six 
lysimeters had such installations Incorporated during their construction. 
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FIGURE 2,1 : Drain Tile Type Lysimeter Cross-Section 
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The theoretical operation of the lysimeter can be described briefly as follows. Rainfall or snowmett not 
shed by (he clay cap in the form of runoff, consumed by evaporation or stored in the Loam cover or clay 
cap percolates through the cover system and is captured within the lysimeter s storage .tone As the 
storage zone fills with captured water, a Leopold-Stevens waler level recorder documents the change in 
the stored water level. Calibration curves convert the change in stage to a volume Serrated openings 
at the base ol each of the lysimeters monitoring welts were incorporated to facilitate a rapid transfer of 
water belween the monitoring well and the storage zone 



3 LYSfMETEK RESPONSE TO PHECIPITAT1QM 

Upon completion of Jysimeier installation, monitoring could commence Initial monitoring of the 
lysimeters in the fall of 1987 and earty winter of 1988 revealed that the lysimelers were not operating as 
expected Water levels in the storage zones of all the lysimelers were fluctuating up and down 
considerably despite the fact that thefe were no leaks detected from the storage zone An explanation of 
these well level observations was eventually obtained upon comparison of well level graphs with 
atmospheric pressure readings for equivalent time periods. Well level charts were found to be the 
inverse of the fluctuations graphed using the atmospheric pressure data. To overcome this difficulty, the 
lysimelers were "vented" by drilling numerous small holes into the side of the well casing wKhin the 
region of the lysimeter s storage zone. This field modification was completed on ail lysimelers by Apri. 
1988 Following this modification, the lysimeter hydrographs possessed a shape that more closely 
matched that which would be expected for a Nling storage zone. 

In addition to venting the lysimeters. the study team also opted at the same time to install galvanized 
steel barriers upslope of three of the fysimeiers as a long-term means of determining whether surface 
runoff from upslope and/or subsurface inierlayef flow was contributing inputs to the lysimeters' storage 
zone These barriers were installed vertically into the loam cover and extended into the clay cap. They 
were installed on an angle and for a length sufficient to allow any water flow encountering the 
obstruction to be diverted outside of the lysimeter area Only lysimeters 1, 3 and 5 received this upslope 
barrier. 

To assist In answering some ol the questions concerning lysimeier configuration and the state of 
deterioration ol the lysimeter materials, the Ministry of the Environment gave the study team approval to 
excavate one lysimeter ol each storage type Consequently only lour (4) lysimelers remained for the full 
year analysis presented m this report Upon excavation it was found that construction materials were sti 
in good shape and that the thickness of ihe pertineni soil and storage layers were as indicated in Ibe 
construction notes (within reasonable tolerances) Measurements from the flagstone to the bottom of 
ihe designated storage zones were also made on the drain tile type lysimeter Oala collected was used 
lo locate pertineni layer locations lor the remaining unexcavated lysimeters by making the assumption 
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thai lysimeters having similar storage types were butt identical to one another. Finally, at the time of 
excavation, the elevations of the bottom of the well of the remaining lysimeters. were determined, related 
to a permanent benchmark and documented for future reference 

A minimum of one ( i ) calendar year of data was considered necessary in order to observe and evaluate 
the lysimeter's operation through all four climatic seasons Thus, once all field modifications had been 
made to improve and test lysimeter operation, both monitoring and analysis of results were possible 
Observations of well hydrograph levels and precipitation made for the full year of monitoring are 
presented In Figures 3.1 through to 3.4. 



4.0 INTERPRETATION OF LYSIMETER RESPONSE 

A number of factors must be considered when interpreting the data presented in Figures 3.1 to 3.4. 
First, note that lysimeters 1 and 2 possess gravel storage zones which results In a more significant rise in 
water level tor an equivalent change In volume stored than is displayed by the more porous drain tfle 
storage zones of Figures 3.3 to 3.4 The presence of barriers placed upslope on lysimeters 1 and 3 
need also be considered when interpreting the graphs Related to this, as well, are the surface and 
subsurface depressions created by settlement In the vicinity of the lysimeter. These are jusl some of the 
factors that could Influence water supply to the lysimeters. A summary of the different features 
associated with each lysimeter Is presented In Table 4.1. 

TABLE 4.1: MATRIX OF LYSIMETER FEATURES 



FEATURE 



Tie Storage Medium * * 

Gravel Storage Medium * * 

Barriers * * 

Gas Vents * * 

Surface Depressions (cm) 7 10 10 4 

Lysimeter Settlement (cm) 8 7 6 9 



General trends in lysimeter response can be seen upon reviewing Figures 3. 1 to 3.4. For the May - June 
period, infiltration leading to (Jeep drainage was occunlrig at a relatively constant rate The summer 
months of July, August and September saw very little deep drainage occurring In the fall season, 
frequent precipitation resulted in increased deep-drainage, particularly in mid-November. During the 
winter months, very little deep drainage was observed due to frozen soH conditions. The April thaw. 
however, resulted In Immediate and significant responses for all lysimeters wilh lysimeters 2 and 4 filling 
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Figure 3.2: L, stmeter #2 Well Hydrcgroph 
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Figure 3.3: Lysimeter #3 Well Hydrograph 
and Precipitation Data 
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their storage zone in a matter of days With the exception ol the thaw, liltte correlation could be seen 
between Individual precipitation events and hydrograph response. The dynamics of sol moisture and 
evapotranspiration rates were expected to be the faclors contributing to this low correlation 

To analyze the collected data more thoroughly, the observations were partitioned into two month 
segments A quantitative summary is presented in Table 4 2 showing the volume (equivaSerri depth) of 
deep drainage water collected by the 3 m by 3 m lysimeter along with the percent of total precipitation 
lor the two month period which that volume of collected water represents May June data indicated 
that the lysimeters were collecting similar volumes ot water with the exception of lysimeter 3 At the lime 
the up-gradient barriers were Installed. It was noticed that there was a depression or "bowl" over 
lysimeter 3 that was much more pronounced than that over the remaining lysimeters. Thus, a greater 
volume of precipitation could have been collected over lysimeter 3. giving 1he larger Input response. 
Also present was a gas vent. Installed independently ol the lysimeter construction in the fall of t9B7, 
which had a high potential of creating a preferential flow path 

TABLE: 4.2 SUMMARY OF LYSIMETER RESPONSE CURVE DATA 



FEMOD 



PRECIPITATION 
IN PERIOD (mm| 



Percent of Precipitation 
mm of deep drainage 



LYSIMETER NUMBER 
18 3 4 



May • June 1988 


64.6 


41 8% 
27.0 mm 


34 1% 
220 mm 


60.4% 
39.0 mm 


43.3% 
27.97 mm 


July - Aug. 1986 


1469 


20 
2 3 


4B 
7 


12 3 

ISO 


?4 


Sept - Oct 1988 


1380 


5 3 
B.0 


5.6 

9 


16.1 
223 


l 6 
221 


Nov. ■ Dec. 1988 


886 


27 3 
24 B 


93.5 

fa a 


J33 

650 


131.0 
116.3 


Jan - Feb 1989 


449 


7.2 
3 23 


326 

14 4 


7.2 
3.23 


26.7 
!1 96 


March - April 1989 


na 


49 1 
382 


■ 34 
104.4 


5J7 


215.0 
1670 


Totals (May B8 ■ 
April 89| 


561.3 mm 


18.5% 
104.0 mm 


425% 

238 mm 


35.5% 

201 4 mm 


59 0% 
330 mm 
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July and August were abnormally ha and dry In 198B. Once again, the lysimeters aH showed simiar 
responses with the exception of lysimeter 3 where deep drainage continued very slowly In the first half of 
the period and again following the rainfalls o( July 22 to 26. A likely explanation for this Is a carryover of 
moisture from Ihe previous period With vegetative cover not hilly established In the early summer of 
1988. root penetration would not be deep enough to remove water Irom Ihe deeper soil zones by 
evapotranspirallon. Convenient flow paths to the storage zone, such as created by the gas vent, could 
contribute to giving a greater input to lysimeter 3. 

Calibration of the lysimeters was undertaken In September and October 1988 Thus, data Is incomplete 
for Ihls time period. It would appear from the data available that lysimeter 3 was still receiving above 
normal inputs. Note as well that following pump-out of Ihe storage zones me lysimeters displayed a 
relatively rapid rise in well level- This rapid rise was determined to be the consequence of the lag time 
required for water In the storage zone to recharge the well and reach a steady stale. 

The November and December responses were the first which clearly demonstrated the effect of barrier 
Installation upslope Irom lysimeters l and 3. By late November, the area over lysimeter 3 had been 
regraded so that the ground surface elevation conformed with the surroutxting area. Precipitation which 
left in this time period seemed to give gradual responses with lysimeters 1 and 3 and very rapid 
responses with lysimeters 2 and 4. The difference in magnitude among these responses were quite large 
as well, as can be seen in Table 4.2. To obtain such a quick, voluminous input to a storage zone 
located under a layer of soil would require a continuous source of water available to act as a supply- 
Up slope runoff water ponding on thB surface could be such a source. This source could then be 
connected to the storage zone by means of a preferential flow path created either by soil cracks or the 
separation of the monitoring welt or gas vent tube from the son or surrounding bentonite sealant matrix 

Wile below freezing soi temperatures In January and February lowered infiltration rates significantly, 
data illustrated the trend of higher Inputs being associated with the non-barriered lysimeters. With the 
lysimeter storage zones gradually being filled by January, fewer holes existed In the monitoring well to 
allow for rapid and efficient gas exchange between the storage zone and the atmosphere. 
Consequently, the barometric effect, encountered when the lysimeters were first monitored, was 
beginning to re-appear as can be seen by the fluctuations in the well water level hydrograph. 

Three observations are prominent lor the month of March and April. First, Is the low level ol infiltration 
during the first four weeks of March. Second. Is the relative timing of the infiltration response, while third 
IS the magnitude of the responses when they were recorded Frozen soil conditions can account for the 
lack of Mlmuian for the month ol March- It was not untl March 24 through to the end of the first week 
of April that mean daBy temperatures remained above the freezing point. This warming trend in the latter 
part of March resulted In similar responses initially from three of the four lysimeters as the landfill cap 
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Ihawed. In lad. the response of Ihese three lysimeters appeared to be within hours of each other The 
exception was tysimeter 1 where the presence of denser vegetation over Ihe lysimeter would appear to 
have insulated the ground, thereby slowing the sod thawing process and delaying the response until 
April 3. 

The magnitude of the responses, as well as the rate of response, are very revealing in this period. If 
preferential flow paths did not exist, it is extremely unlikely that the volume and rates of deep drainage 
recorded, particularly as seen lor lysimeters 2 and 4 would be present when the physical charaderlsllcs 
of the sods comprising the landfill cap are considered 



5.0 CONCLUSI ONS 

Upon analysis of the tysimeter results, it was concluded (hat the lysimeters did not respond similarly to 
individual or monthly events Even annual averages of inftt ration were dissimilar ranging from lfl percent 
to 59 percent of Ihe 12 month precipitation The reasons for these dissimilarities can, to a large pah, be 
attributed to the alterations made to some, but not all, Ihe lysimeters during the project in an effort lo 
obtain data which seemed reasonable These changes, while necessary in order to understand Ihe data 
being obtained and to make the lysimeiers more operational, resulted in a group of lysimeters which 
each responded differently to precipitation inputs. Trends, however, among the more similar lysimeters 
were noticed (ie. lysimeters 1 and 3 and lysimeiers 2 and 4) as were trends during periods when 
infiltration levels were so tow thai the different modifications were not having an influence on the results. 
For instance, data indicates that lysimeiers 2 and 4 both possessed some Iprm o* preferential flow path 
which conducted relatively large volumes of infiltration only when there was sufficient moisture to cause 
positive pressure This is reflected in the data of Ihe monitoring period of November to December and 
again in March to April Arguments can be made that these preferential flow-paths are a natural 
consequence ol desiccation and stress cracks which develop on sofl covers. Having considered an 
faclors, however. thB researchers concluded that ihe preferential fiow paths were far more likely to be a 
consequence ol the presence of the lysimeier. rather than an effect of variations in landfill cap 
characteristics and deterioration 

The fact is that ihe lysimeters did not respond similarly to precipitation events in either the short term or 
long term This in part is a result of the alterations, especially the installation of up-slope barriers, made 
during the study Observaiions made while ihe alterations were in place have, however, enable a better 
understanding of the factors affecting tysimeter operation With this knowledge, measures to conect the 
problems encountered coutd be incorporated into future lysimeter designs 
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60 RECOMME NDATIONS FOR FUTURE LYSIMETER INSTALLATIONS 

Knowledge of where Ihe water originates that enters the lysimeters stocaQe zone is not deemed 
necessary lor purposes of this study Of Interest is only the capability to collect that ponton of water 
which eventually passes through a Typical" 3 m by 3 m section of landfill cover The key then, lor 
collecting such data, is to install a lysimeter which can be buill and ad as closely as possible as the 
surrounding cover and garbage system while enabling accurate data collection The following minor 
modifications to the previously described design and data collection methods were recommended: 

1 1 Vent the lysimeter monitoring wells within the storage zone area prior to their Installation. 

This wM ensure efficient air/gas exchange Improving data collection results 

2) Make Ihe storage zone more sensitive by reducing zone porosity or alternatively 
measure inputs voiunietrically. on a monthly basis, using the water level recorder to 
determine times of inputs only. Difficulties In calibration would be overcome in 
Implementing ihe first option. Improved accuracy of results would be a consequence of 
either of these changes. 

3) Follow a more precise protocol lor lysimeter Installation to ensure the landfill cover over 
the lysimeter matches, as close as possible, the surrounding area. 

4) Address all components of Ihe lysimeter design which could create potential for 
preferential flow paihs Deflection collars or "skirts' at strategic points around the 
circumference of the monitoring well, as well as liberal use of bentonite around the 
perimeter of the lysimeter are recommended 
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introduction 



Many landfills and Industrial sites 1n North America are situated 
such that chemical leachates emanating from these facilities are 
contaminating groundwater In underlying bedrock. Examples of this can 
be found In Southern Ontario where the underlying materials consist of 
a thin veneer of overburden overtop moderately to highly fractured 
shale of Ordavidan age. 

At the current time, assessment of groundwater velocity In these 
fractures and thus the prediction of the rate of leachate migration, 
1s based on a conceptual model known as the parallel-plate model. 
Unfortunately, the parallel-plate model has been shown to have 
numerous flaws when used in this regard {Novakowski, et aj., 1988). 
Thus to more accurately predict contaminant migration in fractured 
rock, an evaluation of all existing conceptual models Is required and 
a new conceptual model developed. Experimentally, the most 
appropriate technique with which to do this is using the results of a 
well controlled tracer experiment conducted under natural groundwater 
flow conditions. 
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During a natural gradient tracer experiment, water stored in a 
monitoring well will dilute the concentration of tracer entering the 
well such that the changes in concentration measured In the well are 
delayed relative to the changes in concentration in the formation. 
This problem has been recognized for mass transport problems in porous 
media and a theoretical study has been conducted (Palmer, 1988). In 
addition, several recent analytical models used far analyzing the 
results of advectlve tracer experiments, have included the wellbore 
mixing effect during the problem formulation (Hodgklnson and Lever, 
1983; Moench, 1989). None of these studies however, have focussed on 
the nature of the problem 1n the context of mass transport 1n 
fractured rock. 

Consequently, 1n preparation for a natural gradient tracer 
experiment to be carried out in the Georgian Bay Shale, a theoretical 
and laboratory study was conducted of wellbore dilution 1n monitoring 
wells completed 1n fractured rocks. The objective of the study is to 
develop mathematical methods and experimental techniques with which to 
improve the accuracy of concentration measurements obtained during 
tracer experiments. The study is conducted using the results of 
several laboratory tracer experiments carried out in an artificial 
fracture. The results are analysed using a mathematical model 
developed to properly account for the mixing conditions in a 
monitoring wel 1 . 

Mathematical Development 

Mass transport under uniform and steady groundwater flow 
conditions Is described by the following linear partial differential 
equation (In dimenslonless form) 

at D x D "ax2 D [1] 



where C D 1s dlmenslonless concentration, C/C (C 1s the Initial 
concentration), tn 1s dlmenslonless time, v z t/D (v 1s groundwater 
velocity and D 1s the coefficient of hydrodynamlc dispersion), and 

Xq is dlmenslonless distance, Xv/D. 

To use equation [1] for simulating the results of tracer 

experiments, an appropriate inner boundary condition must be 

stipulated. Assuming that equation [1] represents flux-averaged 

concentration (Van Genuchten and Parker, 1984), a first-type boundary 

condition can be employed to simulate a well mixed reservoir (or well) 
contacting the flow domain. In mathematical terms, this Is given by: 

c D (o,t ) - 1 [2] 

There are numerous alternatives to equation [2], some of which 
can account for Instantaneous mixing within a finite-volume 
reservoir. However, because the tracer experiments conducted for this 
study were completed 1n a fashion such that equation [2] best 
describes the Inner boundary condition, further development of the 
analytical model is conducted using C2] as the only Inner b.c. It 
should be noted that solutions to equation [1] tn consideration of 
other possible b.c. have been obtained but will not be reported here. 

The outer boundary condition which describes mixing In the well 
can be formulated 1n two ways. One method, which Includes a 
continuity condition at the exit boundary, leads to an unrealistic 
physical condition near the exit boundary and will not be considered 
here. The other method does not require a continuity condition and 
thus conserves mass. This condition Is given by 

P 00 dC DW <¥ ' C D< P 'V " V [3] 
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and 1s found using application of the local flux-averaged 
transformation: 

V C DR 'Xp. p- aC 6R aX D' X - P [4] 



The concentration, Cgy, 1s the concentration measured 1n the well 
and Pqo Is the wellbore mixing coefficient equal to the volume of 
the well times the groundwater velocity divided by the cross-sectional 
area available for flow times 0. the coefficient P ts known as the 
Peclet number and equals vL/D where L 1s the length of the flow 
domain. Equation [3] was also found by Palmer (1988} using a less 
rlgouous mathematical argument. 



ly: 



The Initial conditions for equations [1] and [3] are respective- 
c D <x D ,o) - ° [S] 

C DM (0) = [6] 



and the solution to [J] - [6] 1s easily obtained using the Laplace 
transform method. The solution 1n the Laplace domain for the 
concentration 1n the well. Cpy.ls 

C DW (P) " 1 e«P { & ] [7] 

where p Is the Laplace variable and £, Is equal to 1/2 - J{l/i*p). 
Because equation [7] 1s an Irrational function of p, the analytical 
Inversion of [7] will lead to an Integral of exp which will be 
difficult to evaluate. Therefore, real space values of Cq W are 
obtained using a numerical inversion algorlthlm (Talbot, 1979). 
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Experimental Method 

As a means of evaluating the apparatus used to obtain tracer 
concentrations In a monitoring well, several tracer experiments were 
conducted In an artificial fracture. The fracture was manufactured of 
two 1.2 m x 1.2 m acryltc plates about 9.5 urn 1n thickness. These 
plates are oriented horizontally and separated by 15-20 machinists 
shims, 0.75 mm thick, distributed about the area of the fracture. The 
fracture plane was sealed along two parallel sides and mixing boxes, 
several litres 1n volume, were constructed at each end. An acrylic 
tube (75 mm tn diameter) was constructed to pass through the center of 
the plane 1n a perpendicular fashion, thus simulating a borehole. Two 
electrode ports were placed within the plane so that the actual 
concentration of the tracer flowing in the fracture could be 
determined directly. 

The tracer experiments were conducted by establishing a 
steady-flow field between the mixing boxes. Hydraulic gradients were 
maintained using a system of marlotte bottles. Tracer {the anion 
Br-) was introduced as a step-function Into the source mixing box 
and concentration was monitored 1n the borehole. A red dye was also 
added to the tracer solution to visualize the flow processes. 

The intersection of the fracture in the borehole was Isolated 
using a set of pneumatically-Inflated straddle-packers. The packers 
were destgned and manufactured specifically for the purpose of the 
natural gradient tracer expeHent. For the initial laboratory 
experiments, the packers were separated by about 0.10 m giving an 
Interval volume of about 0.36 I. Concentration was measured In the 
Isolated Interval by recirculating the interval water through a flow 
cell containing an 1on specific electrode. This configuration and 
technique was Initially planned to be employed m the field 
experiment. For the later laboratory experiments, the interval 
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volume was reduced to about 0.025 L to assess the influence of the 
size of the Isolated volume on the test results. This was achieved by 
reducing the packer spacing to 0.015 m and filling the open space with 
a PVC plug ported to allow the recirculation of water. 

Results and Discussion 

A total of 14 experiments were conducted, 12 using the 
large-volume apparatus and 2 using the reduced-volume system. Several 
of the Initial experiments were conducted without active 
recirculation or sampling so as to obtain undisturbed measurements of 
concentration from the electrode ports in the fracture plane. The 
results from these experiments were analysed using the first type 
b.c. solution of Ogata-Banks (assume a flux-averaged concentration). 
The results from the balance of the experiments were obtained from the 
recirculated fluid 1n the borehole and analysed using equation [7]. 

Based on visualization of the flow it was observed that most of 
the tracer was transported along a channel about 0.30 m wide and 1.4 m 
long, transversely oriented in the fracture plane. The results of the 
experiments were analysed using these dimensions as well as the 
dimensions of the entire plane. 

Table 1. Calculated aperture and velocity where the channel 
dimensions are employed. 



Exp. 


i H 


,0 


2b 


V 




Cm) 


(mJ/s) 


(m) 


(m/s) 


4 


0.0495 


3.233-06 


0.000721 


0.01494 


5 


0.0330 


2.183E-D6 


0.000724 


0.04004 


J 


0.0105 


1.303E-06 


0.000893 


0.00486 


a 


0.0296 


1.027E-06 


0.000584 


0.00585 


9 


0.0310 


1.2O0E-06 


0.000605 


0.00659 


10 


0.0373 


1.80DE-06 


0.000652 


0.00659 


.J 


0.0142 


1.467E-Q6 


0.000841 


0.00581 


:j 


0.0100 


1.667E-06 


0.000989 


0.00562 


14 


0.0096 


1.453E-06 


0.000856 


0.00507 
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Table 2. Calculated aperture and velocity where the dimensions 
of the fracture plane are employed. 



Exp. 


a H 


,0 


2b 


V 




(m) 


(m3/s) 


(m) 


[m/s] 


4 


0.0495 


3.233E-06 


0.000431 


0.00624 


5 


0.0330 


2.183E-06 


0.000433 


0.00420 


7 


0.0105 


1.303E-O6 


0.000534 


O.0O203 


8 


0.0296 


1.027E-Q6 


0.000349 


0.00245 


9 


0.0310 


1.200E-06 


0.000362 


0.00275 


LO 


0.0373 


1.S00E-06 


0.000390 


0.00384 


12 


0.0142 


1.467E-06 


0.000503 


0.00243 


13 


0.0100 


1.E67E-06 


0.000S91 


0.00235 


14 


0.0096 


1.453E-06 


0.000572 


0.00212 



Table 1 and 2 show the apertures (2b) and velocities (v) 
calculated from the hydraulic properties of the fracture. The 
standard form of the cubic law (parallel-plate model) was used to 
calculate these values. Table 1 shows the results where the channel 
dimensions (1.4 m x 0.30 m) are used and Table 2 shows the results 
where the full fracture dimensions are used. 

Comparing the apertures between Table 1 and Table 2, 1t 1s 
evident that the dimensions of the channel are best employed when 
analysing the data from the tracer experiments. The average 2b 
calculated using these dimensions Is about 774 um, 1n good agreement 
with the expected value (the thickness of the machinist's shims). 
The average 2b calculated using the full dimensions of the plane 1s 
463 um, which 1s only 2/3 the expected value. 

To determine the hydrodynamlc dispersion coefficient, model fits 
were made to the concentration data obtained from the electrode ports 
and from the borehole. The fits were made by eye, adjusting the 
velocity v and the longitudinal disperslvlty, a. (a.- D/v). 



Table 3 shows the d1spersivit1es and Peclet numbers fDr 7 of the 
experiments. These values are determined from the data obtained from 
the electrode ports and should reflect the dispersive characteristics 
of the fracture. The average P and a^ are 122 and 0.36 m, 
respectively. However, due to the large variation In dispersivlty 
measurements, it is assumed that these results are Influenced to an 
unknown degree by mixing around the electrode ports. The ai 
predicted using the paral lei -plate model (Taylorian dispersion theory) 
is about 0.08 - 0.01 m using example velocities typical of the 
experimental conditions. This is somewhat larger than the values 
determined using the model fits and suggests that despite possible 
mixing effects, the values determined using the data obtained from the 
electrode parts reasonably represent the dispersive characteristics of 
the artificial fracture. 

Table 3. Hesults of the simulations of the data obtained from the 
electrode ports. 

Peclet Dlspersivity 

Exp. Number (m) 

4 68.1 0.020 

5 100.4 0.013 

7 136.4 0.010 

8 266.1 0.005 

9 220.6 0.006 
10 137.8 0.010 
12 129.3 0.010 



Table 4 shows the results of the modelling using equation [7] as 
applied to the data obtained from the recirculating borehole fluid for 
experiments 8,10,13 and 14. Experiments 8 and 10 were conducted using 
the large-volume Interval and 13 and 14 were conducted using the 
smaller-volume Interval. In comparison with Table 3, Is Is clear that 
even when accounting for mixing in the test Interval (I.e. equation 
[7]) other processes act to increase the apparent dispersion as 
measured In the borehole. This Is evidenced by the one order of 
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magnitude dtffference between the results obtained from the electrode 
ports and those obtained from the borehole. However, a sensitivity 
analysis using equation [7] has shown that when the mixing coefficient 
Is large, as with experiments 8 and 10, the sensitivity of the model 
curve to changes 1n d|_ 1s very small. Thus the reliability of the P 
determined from experiments 8 and 10 may be somewhat poorer than for 
experiments 13 and 14. 

Table 4, Results of the simulations of the data obtained from the 
borehole during experiments 8, 10, 13 and 14. 

01spers1vity Peclet 
Exp. (m) Number 

8 0.017 36.0 

10 0.02O 29.4 

13 0.100 6.0 

14 0.046 12.9 



The largest possible Influence on dispersion within the wellbore 
is likely the mixing process Itself. This 1s suggested when the 
results for experiment a and 10 are compared to 13 and 14. A subst- 
antial decrease 1n the value of the Peclet number Is observed for exp- 
eriments 13 and 14. Visualization of the flow during experiments 13 
and 14 showed a substantial Increase 1n the divergence of the stream- 
lines near the wellbore relative to previous experiments. This may 
have resulted In flow separation and stagnation near the wellbore- 
fracture Interface causing Increased dispersive flux Into the well- 
bore. This finding 1s Important because It suggests that the one-dim- 
ensional mass transport equation will not suffice when used to 
simulate the two-dimensional dispersive effects around a wellbore. 
Furthermore, 1t appears that modifications of the test Interval size 
as a means of increasing the reliability of the a|_ measurement, will 
need to be conducted 1n consideration of these extraneous 2-0 effects. 
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1. INTRODUCTION 

Recirculating municipal solid waste (MSW) sanitary landfill leachate 
through a vegetated clay surface liner and through the refuse cell may offer 
an alternative approach to the management of these wastewaters . It is 
proposed that recirculation may afford benefits which include lowered volume 
of leachate. improved rate of refuse decomposition in the cell, and 
attenuation of organic and inorganic leachate constituents In a soil 
environment. The benefits of a fully contained landfill where biological, 
chemical, and physical renovation processes may be improved due to the added 
moisture from recirculation means that the landfill may become less of a 
threat to groundwater and surface water quality sooner (Pohland, 1980 . 
Barber and Maris , 1984) . Indeed, pioneers of this Idea envisioned 
recirculation as a means of leachate storage, of primary treatment to reduce 
contaminant strength, and of increased biological stabilization of waste at 
che acid fermentation and the methane fermentation stages of organic 
molecule decomposition (Fohland, 1980; Tlttlebaum, 1982; Barber and Maris, 
1984; Lee et at. .1986; Portland and Gould, 1986). 

In previous experiments leachate has been recirculated beneath che 
cell's top soil cover and directly into the refuse {Pohland, 1975) . Barber 
and Marls (1984) hypothesized, however, that recirculation to a vegetated 
surface could increase the rate of stabilisation as well as decrease overall 
volume of leachate by evaporation from the soil surface and by plant 



78 



transpiration. 

The desirable quality endpoint of the recirculated leachate is one 
whereby the leachate could meet either provincial stream and lake water 
quality guidelines or municipal sewer by-law concentration limits. 
2. OBJECTIVES 

This experiment set out to determine the effects of continuous leachate 
recirculation to a vegetated clay liner on the; 

1. Soil water budget with cover crops of 4 plant species, 

2. Vigour/health of vegetation. 

3. Change In quality of 2 disparate landfill leachates. 
■+ . Infiltration rate through a clay surface liner. 

This paper wil 1 discuss results of the soil water budget and plant 
vigour aspects (objectives 1 and 2). 
3. MATERIALS AND METHODS 
3.1 Simulated Landfill Design and Recirculation Treatments 

Thirty nine {39) in- ground, bottom- draining lysine ters at the 
University of Guelph were filled to simulate a landfill profile. The 
lysimeter nest was rainsheitered. Each lysimeter was roughly 1.3 m in depth 
and 1.0 ra in diameter. The sequence of layers beginning at the bottom was 
I ) a geo text ile- lined drainage bed of gravel overlain by sand ii) 35 cm 
deep layer of sandy soil which had been contaminated by landfill leachate ar 
the Muskoka Lakes site (representing a homogeneous, highly decomposed refuse 
layer) and ill) a 50 cm thick surface liner of natural clay soil from the 
Clanbrook landfill in the Regional Municipality of Hantiiton-Uentworth . Each 
lysimeter drained individually through polypropylene tubing to individual 
containers In an underground bunker. Effluent collected from the drain* was 
sampled bi-weekly and tested for pH , chemical oxygen demand (COD), 
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electrical conductivity (EC), chloride, metals (Zn, Hi, Cr, Cd) and volatile 
organics. Similarly, samples were taken bi-weekly from the Irrigant 
containers. At a depth of JO en In the clay layer, soil solution samplers 
were installed to Crack the movement of leachate constituents. 

3.2 Plant Species 

Vegetation treatments included two woody species (£a2i£ babvlonlca and 
Fooulus sop NM6), hereafter referred tD as willow and poplar, respectively. 
Two grass species [Phalarls arundlnacea L. and Alopecurus oraetensls L.) 
were also established on some of the lysimeters hereafter labelled reed 
canarygrass and meadow foxtail, respectively, these species were selected on 
the criteria of high water requirements, tolerance to wet soil conditions, 
short establishment period, Leaf Area Index, degree of ground cover (erosion 
control), winter hardiness and reseeding potential. Plants were established 
in the spring of 1988, the grasses from seed, the poplar as cuttings and the 
willow as seedlings. After one month of water irrigation during 
establishment, the leachate applications began and continued 5 days/week 
for 13 weeks in 1988. Early In the 1989 field season, all plants were water 
irrigated to ensure plant survival. Leachate irrigation recommenced July 7, 
1989, The data presented in this paper are from the second irrigation 
season In 1989. 

3.3 Leachate Sources 

The two sources of untreated leachate were the Township of Muskoka 
Lakes and the City of Cuelph municipal solid waste sanitary landfill sites. 
Leachate was collected from each landfill site in May, 1989 (the beginning 
of the second season) and stored in 200 1 containers. Aliquots pumped with 
a barrel pump were delivered to the surface of lysimeters as the irrigant 



Effluenc collected at the lyslmeter drains was returned to the 
corresponding holding tank, thereby creating 39 individual, continuously 
recirculating systems. Three groups of leachate constituents of interest 
were plant macronutrients (N.P.K), metals (Zn, Nl, Cr, Cd) and volatile 
organics (trichloroethylene and substituted arowatlcs: benzene, toluene and 
xylene) . 

The experiment was designed as a factorial (3 replications) with 3 
trrigant types (water control, Ouelph leachate and Muskokn leachate), & 
plant species and an unvegetated surface. Since only 39 lysimeters were 
available. Che full 3x5x3 factorial was not possible. The control 
treatments and treatments using the stronger Guelph leachate were deemed of 
more Interest. Hence, there were no woody species (poplar and willow) 
irrigated with Muskoka leachate. 

*. RESULTS AND DISCUSSION 
4.1 Evapotranspiration 

The amount of actual evapotranspiration (AE) is usually proportional to 

biomass production and is a good indicator of plant vigour. Plant species 

with high water requirements would be desirable in a recirculation system 

where It is important to reduce the volume of leachate that needs to be 

handled. 

The AE was calculated for all treatments according to: 

AE - IRK • EFF - STORAGE 

where: AE - actual evapotranspiration (mm) 
ERR - lrrigant added (mm) 
EFF - effluent collected (mm) 
STORAGE - change in moisture content of soil (mm) 

Leachate was applied twice weekly for 8 weeks In 1989. As expected, 
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both tree species evapotranspired sure than etcher of the grate species. 
Water- Irrigated poplars used the most liquid (64,23 mm.uk" 1 ) vs. the 58.0 
mm.wk" 1 used by leachate fed poplars (Fig. 1). Kore Interesting Is the fact 
that villous Irrigated with Guelph leachate used aore liquid (62.93 mm.wk" 1 ) 
than the willow water controls (60.05 mm.wk" 1 ). This occurred despite the 
fact that, during the last 3 weeks of Irrigation, the Guelph leachate- 
irrigated trees were showing signs of stress(i.e. premature senescence), in 
a conventional leachace recirculation system where rainfall is not 
excluded, willows may still be a possible choice as a cover species if 
leachate is alternated with or diluted by natural rainfall. 

The nose encouraging result was that during this time reed cenarygrass 
used 53.44 mm.wk" 1 of Guelph leachate, or roughly the sane level of 
consumption as exhibited by the trees, whereas the control swards and those 
irrigated with Huskoka leachate consumed only 27.53 mm.wk' 1 and 29.45 am.uk' 
' , respectively. Perhaps more Importantly, Che reed cenarygrass Irrigated 
with leachate did not show any phytotoxicity symptoms. Meadow foxtail 
plants consumed an average Df 28.63 mm.wk" 1 of liquid regardless of the 
type of liquid applied. 

4.2 Foliar btomass 

An analysis of variance indicated that after 17 applications, there was 
significantly higher dry foliar blomass accumulation (p < 0.05) for Guelph 
leachate -irrigated reed canarygraaa (0.764 kg.m' 1 ) than for either the 
Huskoka leachate-lrrlgated plots (0.367 kg.m" 1 ) or Che wacer- Irrigated 
control (0.220 kg.m" 4 ) (Table 1). Meadow foxtail irrigated wich boch of the 
landfill leachaces resulted in significantly higher (p < 0.05) live foliar 
blomass accumulation (0,523 and 0.341 kg. a" 2 for Guelph and Huskoka 



82 



u 100 - 



% 



^ 



m 



% 



m 



m% 



\\ 



A± 



m p 






§1 



pi 



^ r 






W- 






M 



V 



1. 



PI 






poplar 



r7^ WQler fV\] qu«tpb liQChcle 



C#/^ muskoka .laochala 
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leaehate, respectively) than in the water control plants (0.128 kg.m~ 2 ). 
The response of the trees was dramatically different from that of the grass 
species. Whereas the grasses thrived on both of Che leachates applied, full 
leaf senescence had occurred tn the trees with leaehate applied by the end 
of 17 applications. An analysis of senescing poplar and willow leaves was 
performed at the Forest Insect and Disease Survey Unit of che Canadian 
Forestry Service which concluded that the leaf damage was primarily a 
result of an abiotic agent (1 .e. leaehate) . The symptoms observed were 
characteristic of vegetation exposed to drought. This supports che 
hypothesis that the high measured electrical conductivity of the Guelph 
leaehate (average 7.85 mS.cm" 1 ) results in a significant osmocic potential 
component in the total water potential of the soil solution (calculated as 
appro*. -282.6 kPa). This can create similar symptoms in plants as those 
growing in dry soils. Since there were no live leaves remaining on the 
Guelph leaehate irrigated trees at the end of the irrigation schedule, the 
t-test on live foliar blomass indicated that after 17 applications leaehate - 
irrigated poplar and willows had significantly lower mean live leaf blomass 
than their water control counterparts. The dry blomass of poplar trees 
Irrigated with water was 0.676 kg.m" 2 as compared to 0.005 kg.m" 2 for Guelph 
leachate-lrrlgated poplars. Willow dry foliar blomass was 0.285 kg.m" 2 and 
0.0 kg.m* for the wacer and leachate-lrrlgated treatments, respectively. 



Table 1. Mean dry foliar bloraass (kg.m" 2 ) after 17 applications 

Species 

Liquid Applied Reed Meadow Hybrid Weeping 

canarygrass foxtail poplar willow 

Water Control 0.222* 0.128* 0.676" 0.285" 

M'-iskoka leachate 0.367* 0.J41' 

Cuelph leachate 0,?65 6 0.523* 0.005 b 0.0* 



Note: Heans in a column with the same letter are not significantly different 
at the 0,05 probability level. 



A second measure of vegetation vigour was the height growth attained 
during the Irrigation season. The results for the uncropped (first growth) 
grasses supported the results found from foliar blomass. Reed caaarygrass 
attained a significantly greater maximum height growth when Irrigated with 
Cuelph leachate (91.0 cm) than with Muskoka leachate (67.3 cm) (Table 
2), which in turn was significantly greater than the water irrigated control 
plants ((48.7 em, Pr>F - 0.0001). The meadow foxtail height growth results 
were comparable. Both the Cuelph and Muskoka leachate- irrigated plants 
attained significantly greater maximum height growth (73.3 cm and 67.0 cm, 
respectively) than the water control plants (49.3 cm, Pr>F - 0.019). 

Tree heighc growth during the Irrigation season in 1989 was highest for 
Cuelph leachate- irrigated poplars (107.9 cm ) and significantly different 
(Pr>F - 0.023) from the 75.9 cm height growth of the water- irrigated 
poplars. Similarly, willows irrigated with Cuelph leachace attained greater 
height growth (63.9 cm) than the water control willows (26.5 cm, Pr>F - 
0.0001). 
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Table 2. Mean height growth (cm) during application. 



Species 



Liquid Applied Reed Meadow Hybrid weeping 

canarygrass foxtail Poplar Willow 



Water (control) 48.7* 49, 3 B 75.9' 26.3* 

Muskoka leachate 67. 3 b 67 + b 

Guelph leachate 91. C 73. 3 b 107. 9 b 63. 9 b 

Note: Means in a column with the same Letter are not significantly 
different at the 0.05 probability level. 

5. CONCLUSIONS 

Of the t* species tested, reed canarygrass outperformed the others in 
most of the test results and seems to offer the greatest potential &b a 
landfill cover species under a continuous landfill leachate recirculation 
system. It has a high water requirement , using, up to 7.63 mm. day" 1 In the 
sunnier season, even when the electrical conductivity of the applied liquid 
is as high as 13.5 mS.cni" 1 . The accumulated biomass from one cutting (June 
5-Sept 5, 1969) was 0.765 kg.ra' 2 . The leachate- irrigated grass swards 
outperformed the water control swards in terns of both biomass product ion 
and height gain. There was no indication of disease or drought in the 
grasses, particularly in the reed canarygrass, as there was in the leachate- 
Irrigated poplar and willow, 

6. OSGOIHG RESEARCH 

Data analysis continues on the 1989 measures of field saturated 
hydraulic conductivity, K (b , of the clay surface liner. Samples of the 
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lysimeter effluent and soil solution at 10 ci are undergoing analysis for 
plant nutrients (N.P.K) and metals (2n, Ni. Cr. Cd) , 

Samples of both irrigants and effluents gas been analysed for volatile 
organics at Che Canada Centre for Inland Waters, Burlington, Ontario. 
These data are presented In part by Lesage et al , in an adjunct paper. 
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DEGRADATION OF ORGANIC SOLVENTS IN LANDFILL LEACHATE. 

Suzanne Lesage, National Water Research Institute, Environment 

Canada, Burl ington. 

Peter Riemarm and Raymond HcBride, University of Guelph 



INTRODUCTION 



The purpose of the study was to document the degradation 
pathways of organic solvents present in landfill leachate stored 
in holding tanks . and to look at the possible impact to the 
underlying ground water, of organic contaminants present in 
landfill leachate applied to land by spray irrigation. Kaplan et 
al. (1987) showed that both the pH and redox potential of 
wastewater change dramatically with depth in wastewater 
stabilization ponds, with intense anaerobic reducing conditions 
existing at dephts below la The holding tanks were used as a 
model of the landfill leachate holding lagoons. Anaerobic 
reducing conditions also often prevail in contaminated ground 
waters ( Champ et al. 1979) and therefore it was postulated that 
degradation of contaminants in the landfill leachate would 
follow the same pathways that are prevalent in anoxic ground 
waters - 



Municipal landfill leachates were collected from two sites 
known to have distinctly different contaminant composition: the 
Muskokas and Guelph. The leachate was stored in 45 gallon 
holding tanks at ambient temperature for several months. 
Leachate was removed periodically to irrigate a series of 
lysimeters and analysed for volatile compounds on the Ontario 
KT5A list of priority chemicals. In the first year of the study 
the disappearance of chemicals was followed over a period of four 
months. 

In the second year of study, fresh leachate was obtained and the 

compound Freon-113 which was not found originally in either of 
the leachates was added and its degradation was followed. This 
was of interest since there has been evidence of biodegradation 
of tbla heretofore recalcitrant compound in groundwater ( Lesage 
h al. 1969). Freon-113 is used as a refrigerant and as a 
degreasing agent in the electronic sector and is a common 
groundwater contaminant in Silicon Valley ( Harding Lawson 
Associates, 1987). It is one of the compounds that are currently 
thought to be contributing to the depletion of the ozone layer. 



SAMPLING 

The ltaibilf was stored in individual 200 L holding tanks kept in 
three-feet -deep pit in the ground surrounded by peat boss, which 
provided insulation. Sampling was done by lowering into the 
holding tanks at least two feet below surface, 2S «L glass vials 
held in a wire basket made to fit the vials . The vials were 
sealed with teflon-coated disks ensuring that no airspace was 
trapped, refrigerated immediately and transported to tne 
laboratory for analysis. 

The leachate was used to irrigate a series of lysimeteis which 
were vegetated with grass and wood species. Effluents were 
collected as described above. 



The analysis for volatile organic compounds was conducted within 
two weeks of sampling. Because of the expected high level of 
contamination, 1-2 ml aliquots were used for analyses and diluted 
to 10 oiLs with uncontanhnated groundwater. The analysis was 
conducted on a Unacon-810 purge and trap concentrator directly 
interfaced to a Hewlett-Packard model 5970 GC-MSD. The analytical 
column was a J&N DB-624 fused silica capillary column. 30 n in 
length. 0.32 <mn i.d. . 1 un film thickness. The CC was cooled to - 
15°c with CO, and ramped to 130°C at 10<>/min. Chloroben;ene-d5 
and difluorobenzene were used as internal standards. Standards 
solutions were prepared from the purest available chemicals. 



1st Year of the study 

The results that were obtained on Guelph landfill leachate which 
was used as irrigant in the study are listed in Table 1. There 
contaminants were both chlorinated solvents and aromatic 
hydroca rbons . 

Several months later. (Table 2) it was apparent that most of the 
chlorinated compounds had disappeared in the irrigant holding 
tanks. This disappearance was selective and cannot be attributed 
to volatility. Indeed, of the chlorinated solvents, only 1,1- 
dichloroethane was left whereas trichloroethylene and 
tetrachloroethane, which are less volatile than 1,1- 
dichloroethane. had essentially disappeared. The samples were 
obviousl) anaerobic as the} had a very noticeable odour of 
volatile fatty acids. Oti the contrary, aromatic hydrocarbons 
which are easil> biodegraded under aerobic conditions but not 
under anaerobic conditions, were persistent ( Barker et al.. 
1987) 
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Table 1 Volatile Organic Compounds in Guelph and Muskoka Leachates 



Sanple Same 


Guelph 


Guelph 


Muskoka 




leachate 


Leachate 


Leachate 


Soapling Date 


1988 


1989 


1989 


Concentration 


ug/L 


ug/L 


ug/L 


CHLOROMETHANE 


M 


9 




VINYLCHLORIDE 


It 


2.3 




BK0M0H1.THAN1. 








CHLOROETHANE 


2r, 






DIETHYLETHER 


10 


181 


67 


1.1-DICHLOROETHENE 




3d 




D1CHL0R0METHANE 


131 


1008 


57 


T-l . 2-DICKLOROETHENE 




4 




1,1-DICHTOROETHAtSE 


108 


t3 


IS 


C- ] . 2DICHLOR0ETHENE 


n 


205 


10 


THF 








CHLOROFORM 








1 , ] . 1-TR] CHLOROETHANE 








CARBON TETRACMORIDE 








BENZENE 


23 


11 


ta 


1.2-DI CHLOROETHANE 


U 


B 




TRICHLOROETHYLENE 


67 


Bl 




1 . 2-D1CHLOROPROPANE 








D18R0M0ETKANE 




20 




T-l . 3DICHL0ROPR0PANE 








TOLUENE 


8 J 


201 


263 


C- 1 . 3DICHL0R0PR0PANE 








1,1 , 2-TRICHLOROETHANE 








TETRACHLOROETHENE 


15 






D1BR0M0CHLOROHETHANE 








D1BROM0METHANE 








CHLOROBENZENE 








ETHYLBENZENE 


81 


80 


JS 


H+P- XYLENE 


LSI 


US 


M 


0- XYLENE 


« 


B r . 


17 


STYRENE 




1* 




BROMOFORM 








CUHENE 




3 


2 


1,1,2,2 -TETRACHLOROETKANE 






PROPYLBENZENE 




2 


3 


3+<,-ETHYLT0LUENE 


22 


13 


14 


2-ETHYLTOLUEHE 


a 


«■ 


G 


TRIMETHYLBENZENE 


53 


17 


21 


1 . 3-D1CHL0R0BENZENE 








1,4-DICHLOROBENZENE 








1,3-DIETHYLBENZENE 








1.2-D1CHL0ROBENZENE 








1.4-DIETHYLBENZENE 








1,2-DIETHYLBENZESJE 








A blank indicates none 


detected 
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After four months, soup of the iysimeters were showing the 
evidence oT toluene breakthrough (Table 3). This has important 
implications for the impact of landfill leachate applicat ion to 
soils on groundwater contamination. 11 this breakthrough is 
observed af(et four months in ly&imeters that contain a 30 cm 
clay layer, it is very likely that usual clay caps may not be 
sufficient to retain organic contaminants. 

The season had been very dry and very little leachate was 
collected, therefore the study was repeated for a second season. 



Table 2. Irrigants sampled on October 6. 
beginning of experiment. 



1988, 4 months after the 



LYSIMETER NUMBER 


S st 


15 pi 


19 pi 


1 St 


CONCENTRATION 


ug/L 


ug/L 


ug/L 


Ug/L 


VINYL CHLORIDE 




r 


3 




DICHLOROMETHANE 








3 


1,1-D1CHL0R0ETHAN£ 


4 


40 


13 


13 


BENZENE 


12 


lb 


17 


11 


DIBROMOMETHANE 


4 








TOLUENE 


41 


100 


115 


hi 


ETHYL BENZENE 


11 


13 


4* 


a 


■+p- XYLENE 


55 


85 


99 


(,:> 


o-XYLENE 


25 


4i 


45 


31 


TRIJtETHYL BENZENE 


3 


3 


4 


3 


DIETHYL ETHER 


1*9 


170 


170 


183 


- a blank indicates 


none detected 





Table 3- Effluents. October 1988. 



LYSIMETER NUMBER 
CONCENTRATION 



15 pi 
ug/L 



19 pi 
ug/L 



BENZENE 
TOLUENE 
n+p- XYLENE 



1 


1 


If. 


4 


1 


1 
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2nd Year o( the Study 



In the second year, the study was expanded to include two 
different leachates. The leachates were analysed for volatile 
organic compounds and the results are listed in Table 1, The 
composition of the Guelph leachate was similar to that in the 
first year of study. The Muskoka leachate contained much fewer 
chlorinated organic compounds. 



The results of the analyses of the lysineter effluents are listed 
in Table 4. Breakthrough of the contaminants occurred much more 
rapidly than in 198a. partly because of the weather which was 
less conducive to evapot ranspiraiion, and partly because 
irrigation was done to saturation. It is also interesting to note 
thai almost all contaminants came through simultaneously and less 
soluble components such as dichloromethane were not significantly 
retarded compared to diethyl ether. This is most evident in 
sample IS where effluent concentration were approching the 
in igant concentrations. This would be the behaviour expected 
in the case of the formation of a fissure in the clay, otherwise 
compounds would be expected to breaktrough sequentially, 
according to their retardation factors. 



Table *, Effluents 1989 



LYSIMETEK NUMBER 



DATE 
CONCENTRATION 



3 Pi 
Gue 1 ph 
Jul 25 Aug 10 

ug/L ug/L 



5 st 
Huskoka 
Jul 25 Aug 10 

ug/L ug/I. 



19 pi 9 St 

Guelph Muskoka 

Jul 25 Aug 10 Aug 10 

ug/L ug/L Ug/L 



VINYL CHLORIDE 
CHLOROMETHANE 
D1ETHYLETHER 
1.2-DICHL0RO- 
1.1, 2-TR1FLUOR0ETHANE 

DICHLOROMETHANE 

T-l , 2-DICHL0ROETHENE 

C-1.2-DICHL0R0ETHENF 



3 




IK 


27 


3 


71 


1072 


726 


2 


4 


2S 


35 



:■;! ! i '-!■ 
ETHYL BENZENE, 
M*P- XYLENE 
0-XYLENE 



1'. 



2 
5 

l'< 
5 



- a blank indicates none detected 
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Figure 1 

Aromatic Compounds in Irrigant 3PL 




Sampling Oat* 
» ETBENZ 



12-Hgy Ol-Jun II 

D BLHZ * TOL 

Figure 2 

Chlorinated Compounds in Irrigant 3PL 




As in the firsi year of study, the degradation of organic 
solvents in the irrigant holding tanks was selective. Volatile 
fatly acids were Measured: acetic acid ranged fro* 2900 to 4300 
■g/L. propionic fro* 1000 to 1500 mglt and butyric from 250 to 
S0O ng/L. This induicates that anaerobic conditions were 
prevalent in the holding tanks, The degradation of aromatic 
compounds is depicted in figure 1. and that of chlorinated 
hydrocarbons in figure 2. The disappearance of chlorinated 
compounds with the exception of 1 , 2-dichloroethane was constant, 
while aromatic hydrocarbons reaiained relatively stable. 



In addition, Freon-113 was spiked into the holding tanks and its 
concentration was followed over the sane period. One of 
the problems was to reduce the variability between replicates. 
Since Freon-113 is only sparingly soluble in water and is 
denser than water, it was difficult to ensure complete 
dissolution and get a measure of its Initial concentration. 

Although disappearance of the substrate is often used as a 
measure of degradation, a better indicator of biological 
degradation is the appearance of metabolites. Lesage and Jackson 
(1989) proposed a pathway for the anaerobic degradation of F-113 
which involves reductive dechlorination followed by elimination ( 
Fig. 3). This pathway is similar to the transformation of 
irichloroethane to vinyl chloride ( Vogel and Mccarty, 1987). 

After two weeks of incubation, both F-123a and F-1113 were 
found in the holding tanks. The product distribution in the 
different replicates is shown in Fig. 4a, and the change with tine 
in one lysimeter in Fig 4b. The sane products were observed in 
contaminated groundwater from a landfill ( Lesage et al. . 1969). 
Experiments conducted using sulfate reducing and nethanogenic 
bacteria in fixed biofilm reactors have also produced F-123s ( 
Bouwer and Lew. 1989). This is another example of bioact ivat ion. 
since, analogously to the production of vinyl chloride from 
perehloroethylene. the netabolite chlorotrif luoroethene is more 
toxic than its parent compound ( L0 S o in rats 268 mg/kg, Sax 
1984). 

Fig. 3 Metabolic pathways of Freon-113 ( Lesage et al.1989) 
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CONCLUSIONS 



These findings are of interest for the management of landfill 
leachates because an anaerobic incubation period allows for the 
degradation of most of the chlorinated solvents. This study also 
however shows that clay cannot be relied upon to contain 
dissolved organic wastes when applied on top of clay soil as 
irrigants. 
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ABSTRACT 

Foliar gas exchange , water relations and spectral properties of 
understory sugar maple ( Acer sac c ha run Marsh.) sapling leaves were studied 
in a natural forested eco system subjected to spray irrigation of municipal 
solid waste (MSW) landfill leachate and compared to similar measures taken 
from leaves of unltrigated saplings. Photo-synthetic races in irrigated 
saplings were reduced 341 to 53X in comparison to unirrigated sapling rates. 
Similarly, water use efficiency of sapling leaves subjected to direct 
leachate exposure dropped an average of 701. while transpiration rates were 
similar to, and leaf temperatures were 20* higher than, those found in 
unirrigated leaves. Spectral patterns of underscory leaves, distorted 
because of the accumulation of leachate precipitate residues on the adaxial 
surface, demonstrated increased ahsorhance in the near infrared waveband and 
reduced reflection In visible wavebands compared to abaxial surfaces. The 
adaxlal spectral properties of mid- canopy leaves (above maximum spray 
height) of mature sugar maple trees were not distorted by these residues and 
revealed spectra that suggested increased nitrogen uptake and benef I t 
derived from leachate irrigation. These findings on leaf tissue integrity 
and energy budgets are discussed in terns of the implications for design of 
leachate treatment and disposal systems on land and for forest ecology in 
general . 



! INTRODUCTION 

Atmospheric precipitation percolating through municipal solid waste 
(MSW) landfills can enhance the decomposition, transformation and mobility 
of many chemical constituents in the refuse cell and lead to contamination 
of groundwater flow systems. Unless intercepted, these fugitive leachates 
can migrate further into the hydrologic cycle and have significant 
deliterious effects on surface aquatic ecosystems . Under certain site 
conditions , the quantities of leachate generated far exceed that which can 
be handled by engineered, on-site treatment facilities such as stabilization 
lagoons and anaerobic digesters. Consequently, alternative treatment and 
disposal options have been sought, particularly in remote areas. One method 
which has been investigated In Europe {Harrington & Maris 1966) and the U. 
S . (Menser et al. 1983) is slow rate infiltration (irrigation) of leachate 
in forested ecosystems or pre -prepared grass sward sites based on the 
principle of using the soil and vegetation as "living filters". 

Land treatment of municipal sewage wastewaters in forested ecosystems 
has received considerable research effort (Anonymous 1985; Brockway 1986) 
and general land application methodologies for wastewater have been recently 
reviewed (Zirschky et al. 1986). The practice of MSW leachate treatment and 
disposal by irrigation on land, however, is relatively recent and the 
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effects on terrestrial ecosystems have not been adequately investigated. 
Slow rate infiltration land treatnent, particularly by the spray irrigation 
method, is viewed as a potentially effective means of HSV leachate treatment 
and disposal because high levels of atmospheric evaporation can be attained 
thus maintaining the aerobic soil environment necessary for adequate 
renovation (HcBrtde et al . 1989). 

The composition of MSU leachate with respect to many of the essential 
plant nutrients varies greatly, with actual nutrient constituents dependent 
upon the initial composition of the land.fi 1 led refuse and the stage of 
decomposition (Barker 1987; Cyr et al . 1987), Heavy metals generally exist 
in trace amounts {Bennett et al. 1975). Studies have demonstrated that many 
of the chemical constituents of leachate can be taken up by plant roots and 
assimilated into vegetative tissue (Henser et al. 1983; Gordon et al. 1989a; 
1989b). Micronutrlents such as iron and manganese, however, can be present 
at toxic levels (Table 1) and rates of leachate application nay, by 
necessity, be intolerably high for many indigenous plant species. Thus, 
evidence of vegetation stress has been observed with the shifting of plant 
stand composition towards hydrophyllic and pollutant- tolerant species. To 
fully assess the suitability of the land treatment and disposal option, 
Information is required on the sources and mechanisms involved in vegetative 
stress development , the actual physiological effects and the threshold 
levels of Vegetative tolerance to leachate application. 

The importance and interpretation placed on a plant' s positive or 
negative response to altered external conditions is greatly influenced by 
the response parameter measured. In an extensive review of woody species' 
responses to pollution, Kozlowskt & Constantinidou (1986) suggest that 
relative growth rate arid foliar injury are preferred measures of response to 
pollution exposure in trees. The determination of changes in physiological 
processes Is of little relevance because of their extreme sensitivity to 
other environmental factors . Although effective in quantifying forest 
decline and identifying characteristic physical extremes of tree response, 
however, growth rates and some measures of physical injury require longer 
term measurement or exposure to inordinately high concentrations of 
pollutants. These measures are. therefore, quantifying overall resistance 
{including avoidance mechanisms) and not specifically tolerance. The latter 
Implies a capacity to degrade and detoxify, an obvious objective of leachate 
application on vegetated land surfaces. Simultaneous measurements of 
physiological processes and foliar structure, as opposed to longer term 
measures of vegetation response (1. e. percentage of canopy affected), 
provide a response range and thus allow investigation of threshold levels 
and a meaningful indication of overall plant tolerance. 

Reports on research confounded by the effects of uncontrolled and 
variable environmental factors, and the apparent inability to distinguish 
the effects of these environmental parameters from the stress-related 
responses of Interest, may have been overemphasized, particularly for 
phocosynchetic and transpirational response. For example, in a study of 
seasonal patterns of photosynthetic capacity in sugar maple (Ac_er saccharum 
Harsh.), oak ( Que re us sp.) and American beech (Fagus grandifolla Ehrh.), 
Jurik (1936) found maximum C0 ; exchange rates and maximum stomatal 
conductance values to be constant from the time of full Leaf expansion to 
senescence. This condition allows for the elimination of time as a variable. 
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Chemical composition from a 1988 sampling of leachate 
from rhe Huskoka Lakes MSW landfill sice, Ontario. 
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and meaningful measurements of tolerance and physiological response to 
stress can then be obtained over a succession of shorter term experiments 
when treatments a re compared to controls under equivalent environmental 
conditions . Thus , measurement of gas and vapour exchange rates and the 
observation of the more symptomatic effects of physiological disturbance or 
benefit expressed through leaf optical properties (cf . Grant 1987) can 
provide a basis for tolerance studies . This approach enables an early 
characterization of forest decline or benefit before visible symptoms have 
appeared. 

The present study was undertaken to determine the effects of spray 
irrigation of MSU leachate on foliar gas and vapour exchange and spectral 
properties in a mixed hardwood forest ecosystem and to interpret the 
findings In light of the altered soil and atmospheric environments created 
by such treatment, 

2. MATERIALS AND METHODS 

2.1 Site Description 

The Muskoka Lakes sanitary landfill, located near Port Carling in the 
District Municipality of Muskoka,, Ontario, Is one of the few known locations 
in Canada where large-scale spray irrigation on land is used by the 
municipal Lty as a treatment and d i sposal me thod for MSW leachate . At the 
time of the present study, the facility consisted of a network of 72 
overhead spray irrigation nozzles drawing leachate from two 400,000 1 
stabilization lagoons where some unaided anaerobic digestion and gas- 
stripping pretreatmenc occurs. The spray area coveted about 4.3 hectares of 
mature mixed hardwood forest, predominantly shade- tolerant American beech 
and sugar maple, with the latter species being prevalent in the understory. 
Daily spray application of leachate on to the forest floor and understory 
vegetation during the 7 -month (Apr 11 -October) spray season deposits a 
ferrihydrlte -based residue on plant leaves to the point where the entire 
adaxial surface Is irreversibly stained throughout the growing season. 

In May, 1988, environmental control and spray treatment plots with 
similar subsurface stratigraphies, southeast aspects and Podzoltc soil types 
(A.C.E.C.S.S. 198?) were established. The understory of both plots was 
largely composed of sugar maple saplings of 7 to 10 years of age which 
received maximum available insolation for at least b hours per day. The 
control area was suitably distanced from any influence of spray irrigation, 
past or present, while the saplings and soil surface in the treatment area 
received direct leachate application from two spray nozzles, each with non- 
overlapping discharge radii of about 16 m. The treated area has been 
subjected to seasonal (April -October) leachate application rates 
averaging approximately 14,000 1 ha" 1 d" l since 1982 (Cordon et al. 
1989a). 

2.2 Foliar Gas Exchange Rate Measurement 

In situ measurements of individual leaf gas and vapour exchange rates 
were made with a LI-C0R model 6000 portable photosynthesis system and 
Infrared C0 2 gas analyzer. The system calculates the stomatal conductance 
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far water vapour and the C0 2 exchange rate based on changes in the levels of 
these gases in a closed 1 Litre polycarbonate cuvette over a 63 s period. 
Levels of Incident photosynthetlcally active radiation (PAR) were measured 
by a LI -COR LI- 190S quantum sensor. Tbe system also contains a contact 
thermocouple for abaxlal leaf temperature measurement and a relative 
humidity sensor. These measures are used in the calculation of stoma tal 
conductance and transpiration rate, Carbon dioxide drawdowns were maintained 
in the recommended 20 - 30 ppm range and representative individual 
measurements demonstrated a linear relationship between C0 2 concentration 
and time . In this manner, the accuracy of photosynthecte rate measurements 
Is maintained within 103E (Dwyer & Stewart 1986) and mean values of all 
measured parameters taken over each individual leaf measurement period were 
used in subsequent analyses _ Some researchers (cf. Idso et al. 1988) have 
expressed concern over the accuracy of stomacal conductance values obtained 
in a closed cuvette system because the method alters the natural ambient 
environment. These concerns may be valid if the values obtained were to be 
extrapolated to estimate total canopy fluxes . but on a comparative basis . 
the accuracy of the method Is adequate for determining relative treatment 
effects. 

Measurements from mature leaves within five nodes of the apical 
meristem of understoty saplings were taken on three cloud- free days {July 6, 
Aug. 16, Aug, 30) between 0800 and 1500 hours EST during the 1988 growing 
season. Three measurements from separate leaves of randomly selected 
saplings In each of the control and treatment plots were averaged to obtain 
values that were deemed representative of the parameter levels at a given 
level of PAR irradtance, Between individual measurements ,. the cuvette was 
kept shaded and the system was flushed to ambient C0 2 levels of 340 to 350 
ppm. 

2 3 Spectroradlometrfc Measurement of Foliage 

A LI -COR model LI - 1800 spectroradioraeter fitted with an integrating 
sphere was utilized for determination of the leaf optical properties. These 
included hemispherical reflectance (compared to a barium sulphate standard), 
transmittance and absorbance (absorbance - 1 - reflectance - transmi trance) 
of light in the visible and near infrared wavelengths (400 - 1100 nm) at I 
tun resolution. 

For understory saplings in the treatment area. 8 equally spaced 
transects were set out along the radii of the same 2 spray nozzle 
trajectories used for the foliar gas exchange measurements. Intact leaves 
were collected for analysis from the third node below the apical meristem of 
saplings at 15 m and 7 a from the spray nozzle along these transects. These 
distances represented variable per unit area rates of leachate application 
and thus variable densities of the adaxial surficial deposit of leachate 
precipitate residue. In addition, 16 leaf samples from similar nodal 
positions were collected from randomly selected understory saplings In the 
control area. These samples were obtained on August 31, 1988, 

In the spray treatment and control areas , intact overs tory leaves at 
about 12 m above the forest floor were pruned from mature sugar maple trees. 
In the spray treatment area, the root systems and lower trunks of these 
trees are directly exposed to spray irrigation, but the leaves themselves 
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are situated above the maximum spray height and do not come Into direct 
contact with the effluent spray. Nevertheless, mature tree leaves may be 
vulnerable to aerosol effects of the spray irrigation system. Including 
exposure to many of the volatile organic constituents (e.g. BTX compounds). 
A total of 15 leaf samples were collected In each of the control and 
treatment plots on each of two dates, July 6 and August 16. 1988. 

Individual leaf samples were sealed in plastic bags and Immediately 
cooled to 5°C. This storage environment was maintained until measurement In 
the integrating sphere was performed In an atmospherically controlled 
laboratory setting within 24 hours of pruning. Such handling of leaf tissue 
does not appear to significantly alter its spectral properties (Daughtry 6, 
Biehl 19B5) and ensures more accurate equipment performance than would be 
possible by conducting these measures in the field. 

Total annual precipitation for the area In 1988 as recorded by the 
Muskolcg Airport meteorological station In nearby Bracebrldge was 1147 mm, 
heavier than the 30 - year normal precipitation of 1009 mm. Monthly levels 
of 46.5 mm (March), 92.4 mm (April), 62.6 mm (May). 65.0 mm (June), 121.4 mm 
(July) and 97.0 nun (August), however, were 70*. 1261, 79X, 791, 157X and 
1091, respectively, of the 30-year monthly precipitation normals. The first 
half Df the growing season In 1988 was thus characterized by a short-fall In 
precipitation which, when combined with abnormally high atmospheric vapour 
pressure deficits, created a significant toll moisture deficiency. 

3. RESULTS AND DISCUSSION 

3,1 Foliar Gas Exchange and Uater Relations 

The effects of early season atmospheric and soil moisture deficiencies 
and a gradual reduction In this moisture stress later In the season are 
evident in Pig. 1. High average vapour pressure deficits (VPD) on July 6 
restricted mean stomatal conductance values (g) in treated and control 
saplings to 0.150 and 0.258 cm s" ' , respectively. The stomatal response to 
a decrease in the water stress on subsequent measurement days Is apparent 
with g-values for Irrigated trees reaching maximum means of 0.423 cm s' 1 on 
Aug. 16, and 0.602 cm s' ' for control trees on Aug. 30. The control 
stomatal conductance mean for July 6 was 58X lower and the atmospheric VPD 
was more than tOOX greater than the corresponding Aug, 30 data. Bahari et 
al. (1985) reported a 48SC decrease In dally mean values of g in moisture- 
stressed sugar maple saplings compared to well -watered controls over similar 
VPD ranges, but at higher absolute levels of VPD. Through boundary line 
analysis of sugar maple leaf water relationship parameters, Hinckley et al. 
(1978) determined the effective threshold level of VPD on g to be about 2 
kPa over soil water potentials ranging from -40 kPa to -510 kPa. This 
threshold level is corroborated in the present study when early season 
maximum measures of g in control saplings under a higher water stress are 
compared to minimum measures made later In the season when the VPD fell to 
below 2.0 kPa. 

In a study of the effects of Insecticide sprays on pecan tree ( Carva 
tU i vnotns j s [Wang.] K. Koch) leaves, Hood & Payne (1986) found reduced 
rates of net photosynthesis (P, ) In sprayed leaves while differences in g 
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Fig. I. Photosynthesis as a function of stonatal conductance for leaves 
of Irrigated and unlrrigated sugar maple on 3 dates In 1983. VPD - 
average vapour pressure deficit. 



I 



were not statistically significant from chose found In unsprayed leaves. A 
slnilar trend occurred at the Muskoka Lakes site where noticeably lower 
rates of P, are also apparent In spray -irrigated saplings compared to those 
of control saplings at similar g levels (Fig. 1). Data from the simple 
regressions of P, on g (log transformed) for the three dates (Table 2) 
additionally demonstrate Che generally lower rates at which P- rises with 
increasing stonatal aperature in Irrigated saplings (i.e. the b, 
parameters) . Similarities in the values of intercept and slope within each 
of Che treatments over the study period indicate two distinct and consistent 
overall photosynthedic trends with absolute levels of hoch regression 
parameters being lower in the irrigated saplings. Barlow (1983) 
demonstrated that the P H response to g in slowly-stressed (I.e. 
acclimatized) plants is linear and is evidence of a co-ordinated response by 
the leaf in controlling the levels of these parameters. Leaves of plants 
subjected to a more severe and immediate stress have a greater non-linear 
response and the P,/g ratio (i.e. slope) does not remain constant, as with 
the irrigated saplings in Fig, 1. 

Mater use efficiency (UUE), the ratio of COj assimilated to water lost 
through transpiration, was lower in Irrigated saplings over the sampling 
period (Table 3). The later measure of irrigated WUE, however, exceeds Chat 
of the earlier season control measure made under an abnormally high VPD. 
Unless transpiration (E) is lowered proportionally in response to decreases 
in stonatal conductance and/or the leaf temperature, reduced UUE may be 
expected in irrigated saplings because of the lower overall P H found in the 
treatment. Transpiration data (Table 3) indicate that mean control E values 
did not differ significantly (P<0.01) within treatments, while Irrigated 
sapling E rose and then returned to former levels (P<0.01) over the sampling 
period. Transpiration rates differed between control and irrigated saplings 
one third of the time, with E in irrigated saplings being higher only on 
Aug. 16. In addition, measures of irrigated sapling E generally had a wider 
range and variability than those of control saplings. 

3.2 Leaf Spectral Properties 

3.2.1 Underatory 

The quality and quantity of spectral reflectance, transmittance and 
absorbance of light by leaves in the visible and near-infrared (400-1100 rat) 
wavelengths provide a basis for characterizing foliar structure and 
symptomatic interpretation of plant health (Gates et al . 1965; Knipllng 
1970; Horler et al. 1983), The adaxlal spectral reflectance of control 
understory sugar maple leaves (Fig. 2) provides a typical pattern, with 
increased reflectance in the green band centred ac about 550 nm (nitrogen 
content, non- absorbance of chlorophyll), a reflectance minimum at about 680 
nm (chlorophyll absorption aaximum) , a rapid rise in reflectance around 700 
nm (the "red edge") and a reflectance shoulder at 750-1100 nm (cell 
structure and Integrity, water content). At positions closer to the spray 
nozzles in the treatment plot, the amount of leachate intercepted by the 
leaves increased as did Che density of the ferrihydrite -based residue 
precipitated on the adaxlal leaf surface. This progressively altered the 
spectral reflectance and distorted the characteristic spectra. Gausman 
(1982) found similar spectral distortions in green, bronze and common red 
cotton ( Cossvoium hlrsutun L.)leaves and Boyer et al. (1988) observed the 
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T*ible 2. Results from simple regression of photosynthetic rat* 
(mg, C0 2 a' 2 s ) of sugar maple against the logarithm 
of stomatal conductance (cm s" 1 ) for three dates in 1988, 

Least Squares Parameter Coefficients 1 



Date 



Treatment 



b (Intercep 


! 1 


bj (slope) 


0.429a 




0.154a 


0,254b 




0.081b 


0.432a 




0.153a 


0.303b 




0.112b 


0.451a 




0.205a 


0.316b 




0. 144b 



July 6 



August 16 



August 30 



Control 

Irrigated 

Control 

Irrigated 

Control 

I rrigated 



l fllL regressions were significant at P < 0.001 

Within dates, parameter estimates between treatments followed by 

different letters are significantly different at P < 0.01 
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Fig. 2. Spectral reflectance patterns for adaxial surfaces (top) and 
abaxial surfaces (bottoffl) of leachate irrigated (variable 
intensity) and unirrigated underscory leaves of sugar maple at 
Muskoka Lakes on August 31. 1988. 



108 



trend during pin Oflk ( Ouercus palustr^s Muenchh.) leaf senescence, but these 
altered spectra were attributed to masking by secondary pigments such as 
cartenoids and anLhocyanins and a seasonal breakdown of chlorophyll. Of note 
here, however, is the reduced reflectance of the sprayed leaves in the near- 
infrared waveband, suggesting a possible upsetting of the normal leaf energy 
balance and leading to higher leaf temperatures. The spectrum also 
demonstrated a greater reflectance at the chlorophyll well, indicating a 
reduction in the photochemical energy required for photosynthesis. In this 
waveband, the 15 m treatment reflectance was higher than that of the 2 m 
treatment, possibly because of the less dense surface precipitate on leaves 
at the circumference of the spray trajectory. 

The abaxial surfaces of sprayed leaves are not as vulnerable to direct 
leachate exposure or precipitate residue formation and displayed a more 
characteristic reflectance response (Fig. 2). Abaxlal reflectance in the 
visible range was greater than that of adaxial reflectance In control leaves 
while the the converse was true for reflectance in the near- Infrared. The 
latter response is a function of differences in the refractive properties of 
the closely packed palisade tissue of the upper surface and the smaller, 
loosely packed cells of the lower (Wdolley 1971; Gausman 1584), The greater 
reflectance of leaf abaxial surfaces in the visible range is attributable to 
epidermal configuration In relation to adjacent cells (Woolley 1971), with 
the abaxial epidermis backing on more air space than the adaxial outer cell 
layer, thus Increasing its refractive and reflective properties. Significant 
decreases were found in the abaxial reflectance of sprayed leaves at the 550 
nm wavelength (Table It), suggesting an alteration or breakdown of cellular 
structure in this area. Reflectance at 680 nm was significantly different 
only for the 15 m spray treatment, this being 5X higher than that of control 
and 2 m sprayed leaves. Reflectances at the 750 nm wavelength were 
dissimilar, however, with response rising and then falling significantly 
across increasing treatment levels. This suggests an initial closer packing 
of abaxial cells in leaves of the 15 m treatment and a subsequent 
deterioration with the increased foliar contact and leachate residue 
accumulation present on adaxial surfaces found at the 2 m distance. 

3.2.2 Overstory 

Reflectance patterns of mid-canopy leaves from mature sugar maple trees 
Ln control and spray irrigated plots showed none of the spectral distortion 
associated with the leachate precipitate present on understory adaxial 
surfaces. A nearly identical response was demonstrated by leaves of control 
and irrigated trees on July 6 and reflectance factors for characteristic 
wavelengths (Table 5) indicated a significant difference only in the 
chlorophyll well area (680 nm) , where reflectance was very slightly greater 
in leaves from irrigated trees. By Aug. 16. this discrepancy had 
disappeared, with control reflectance levels higher than in those of 
Irrigated tree leaves. Over this time, however, reflectance at the 550 nm 
wavelength was reduced and became significantly lower in leaves from 
irrigated trees. Decreases in adaxial reflectance In the 500 700 nm waveband 
have been indirectly correlated with increasing nitrogen content in leaves 
of corn Zfij. mays L. (Walburg et al. 1982), rice Orvza satlva L. (Shlbayama & 
Akiyama 1986) and winter wheat TrUicun aestivum L. (Hinzman et al . 1986). 
Through Che study of reflectance properties and chemical constituents of 
dried hardwood leaf tissue. Card et al (1988) found high correlations 
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efficiencies (tig C0 2 g~ l H 2 0) and transpira- 
(Big HjO a 1 s" f ) of irrigation and unlrrigate 



Table 3. Water use efficiencies (a 

tion races (Big H 3 a 1 s~ v ) of irrigation and unlrrigated 
sugar tuple sapling leaves for three dates in 1988 



Treatnent 



V (- 



Mean Minimum Maximum 



July 6 


Control 


3.21a 


51.10a 






(0.05) 


(4.02) 




Irrigated 


0.94b 


45.16a 






(0.3?) 


(4.73) 


August 16 


Control 


6.64a 


50.78b 






(1.32) 


(1.25) 




Irrigated 


0.87b 


57.21a 






(0.42) 


(2.82) 


August JO 


Control 


IS.lAa 


46.92a 






(150) 


(0.92) 




Irrigated 


4.87b 


47.97a 






(0 68) 


(1.46) 



24.87 



37.31 



24.83 



83.50 



91,08 



97.87 



60.85 



64.71 



Parameter values within dates followed by different letters are 
significantly different at P < 0.05. 



Table 4. Pooled means (standard errors) of reflectance factors 
(X) at three wavelengths for leaf abaxial surfaces of 
understory sugar maple under variable Intensities of 
leachate deposit. 



Wavelength (ma) 



550 



680 



750 



Control 



15 m spray 



19.15a 


6.79b 


39.33b 


(0.28) 


(0.15) 


(0.29) 


17.35b 


8. 87b 


36.02c 


(0.21) 


(0.12) 


(0.53) 


17 95b 


9.23a 


41.63a 


(0.27) 


(0.12) 


(0.28) 



Means within wavelengths followed by different letters are sig. 
nificantly different it f < 0.05 
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between reflective response and predicted nitrogen content at 580 tub (tr - 
0. "50? and chlorophyll content at 680 nm (r 1 - 0,88) . Although chemical 
analysts was not performed on leaves used for determination of reflective 
properties in the present investigation, previous studies at the Huskoka 
Lakes site (Gordon et al . 1989a) showed significant increases of up to 251 
in the foliar nitrogen content of leachate irrigated sugar maple trees when 
compared to tin irrigated controls . The dramatic decrease in reflectance In 
this waveband for leaves of Irrigated trees in August (Table 5) supports 
this finding and demonstrates the temporal influence of leachate application 
over the spray application period. Also of note is the time required for the 
expression to deve lop , with the decreased reflectance (i.e. increased 
absorbance) at the 680 nm wavelength for irrigated trees over the season 
suggesting that nitrogen uptake by these trees Is increasingly allotted to 
chlorophyll production. 

The area of reflectance increase between 680 and 750 nn (the "red 
edge") has a parameter, **■« ■ defined by Horler et al. (1983) as the 
wavelength of maximum slope . Its position is shown to be dependent on 
chlorophyll concentration, with increased width of the absorbance well 
causing a shift of the red edge and wavelength of maximum slope towards the 
red band. The results of first derivative reflectance spectra for the red 
edge component of mature tree leaves from the present study are shown in 
Fig. 3 and numeric values are given in Table 6. The significant red shift 
and decrease in maximum slope for irrigated trees in August tend to support 
the postulate of increased chlorophyll production in these trees. 

A blue shift (ie, toward shorter wavelengths) in the red edge o£ 
vegetative reflectance has been used in remote sensing applications to 
identify areas undergoing forest decline (Rock et al . 1988 ) or vegetation 
growing in soils overlying metal ore deposits (Collins et al. 1933; 
Singhroy et al. 1986). Although forest decline is visibly evident through 
increased crown dieback in irrigated areas at the Muskoka Lakes site and 
high concentrations of iron and other metals are present in the leachate 
being applied (Table 1), no evidence of a blue shift was observed in spectra 
of irrigated tree leaves during the 1986 field season . This may be because 
there was a significant moisture deficit initially in the growing period, 
and MeBride et al, (1989) observed that over- Irrigation of leachates during 
abnormal ly wet seasons is 1 ikely to be the most dominant factor eontr ibut ing 
to the forest dieback observed at this landfill site. Foliage from leachate 
Irrigated trees at this site and from associated greenhouse experiments has 
also demonstrated increased levels of iron (Cordon et al. 1989a; 1989b; 
Ont Win. Env. 1988), If increased iron concentrations in plant biomass is 
causing stress, it was Insufficient to influence the red edge parameters In 
the current study. In addition to a blue shift in the red edge, Schwaller et 
al. (1983) found significant increases In leaf relectance at 775 and 1000 nm 
in sugar itaple saplings subjected to stress from heavy metal uptake. Visual 
Inspection of these wavelengths for trees irrigated in August indicated a 
similar trend, but differences In reflectance at ??0 nm were not 
statistically significant (Table 5). 

3.3 Leaf Physiology and Spectral Response 

Adaxisl and abaxial absorbance spectra for leaves of understory sugar 
maple (Fig. 4 ) demonstrated an increasing absorbance of near- infrared 
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Fig. 3. First derivative spectra far the red edge component of reflectance 
for mid-canopy leaves of Irrigated and urtlrrlgated sugar maple 
trees on 2 dates in 1988. 
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Fig ft. Adaxlal (Cop) and abaxial (bat-am) absorbanea spectra for leaves 
of leachate Irrigated (variable Intensity) and unirrigated 
understory sugar maple at Huskoka Lakes on August 31. 19B8. 
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Table S. Fooled means {standard errors) of reflectance factors (Z) at 
three wavelengths for adaxial surfaces of mid-canopy leaves 
from Irrigated and unirrigated sugar maple trees on two dates 
in 1988 . 







Wavelength («») 






Dice 




550 


680 




770 






Control 


Irrigated 


Control 


Irrigated 


Control 


I rrlgate 


July 6 


13.40a 


13.41a 


4 . 52bc 


4.85a 


44.49 


44.30 




(0.17) 


(0.34) 


(0.08) 


(0.06) 


(0.48) 


(0.44) 


August 16 


12 , 52a 


10 . 39b 


4.75ab 


4.65b 


44.13 


44.89 




<o.4&) 


(0.28) 


(0.07) 


(0.06) 


(0.31) 


(0.39) 



Treatment means within wavelengths and between dates followed by 
different letters are significantly different at P < 0.05 



Table 6. Pooled means of red edge parameters and maximum 
slopes for adaxial surfaces of mid-canopy leaves 
from irrigated and unirrigated sugar maple trees 
on two dates In 1988. 



Date 


Treatment 


j t . 


Haxlaun dR/dWL 






(ne.) 


(Rl/na) 


July 6 


Control 


703b 


1.119s 




Irrigated 


701b 


1.134a 


August 16 


Control 


702b 


1.066a 




Irrigated 


712a 


. 9 56b 



Paraneter values followed by different letters are significantly 
different at P < 0.05 
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radiation with increasing a dak la 1 deposit ion of leachate precipitate 
residue , thus possibly causing higher leaf temperatures , Measurements of 
leaf abaxial temperatures made over the study period (Table 7) Indicated 
substantially higher surface temperatures in leaves of irrigated saplings 
compared to those of control saplings. While mean transpiration rates 
between the two treatments did not differ, maximums were higher in spray- 
irrlgated saplings (Table 3) , Berry & BJorkman ( 19B0) reported that stoma ta 
of well-watered plants in many species tend to remain open as temperatures 
increase beyond photosynthetic optima. In a study comparing dessication 
res i stance mechanisms in hardwood species saplings , Wuenscher & Kozlowski 
(1971) showed that the dominant response in sugar maple to higher leaf 
temperatures is to increase transpiration rates rather than lower stomatal 
conductance. In the present study, however, factors contributing to the 
decrease in photosynthesis in Irrigated saplings may include a reduction in 
stomatal conductance in association with a failure of transpiration rates to 
maintain leaf temperatures within the photosynthetic optimum. 

The relationship between the temperature of the leaf and that of the air 
is considered as a function of FAR lrradiance for the Aug. 30 data in Fig. 
5* It can he seen that the escalation of this temperature differential is 
more rapid and linear in Irrigated saplings than in control saplings where 
the rise Is more suppressed and curvilinear, Indicating a greater control 
over the temperature differential by leaves without leachate precipitate 
residues. In a review of plant water relationships and canopy temperatures, 
Jackson (1982) notes that differences between canopy and air temperatures 
(the stress degree day. or SDD) increase with increasing plant water stress 
and a reduction of available water in the soil for transpiration. In the 
present study, spray Irrigated leaves demonstrated higher mean temperatures, 
but both control and treated leaves are seen to operate under similar ranges 
of Leaf-air temperature differences. Table 5 demonstrates that air 
temperatures In areas of leachate spray Irrigation are significantly higher 
than areas not receiving the treatment. This is surprising In view of the 
differences In moisture supplied , but may be a result of a general 
accumulation of residue on the forest floor in irrigated areas , leading to 
decreased albedo (i.e. increased absorhance of shortwave radiation) of the 
forest floor and thus a greater conversion of this energy to longwave 
radiation and heat. Increased infrared absorption and reradlation by the 
prec ipitate- prone under? to ry leaves themselves may also contribute to this 
phenomenon. In turn, warmer temperatures may cause an increased VPD, 
Imposing additional stress on saplings subjected to spray irrigation of 
leachate. 

Photosynthetic rates In control sapl ings remained higher than 
those of Irrigated saplings at corresponding differences In leaf-air 
temperatures on Aug. 30 (Fig f 6). The lower values of irrigated sapling P H 
under higher air temperatures but similar leaf-air temperature differences 
may further support the postulate of reduced stomatal conductance in 
irrigated plots. 



k. CONCLUSIONS 

An investigation of the effects of MSW leachate application on forested 
ecosystem vegetation through simultaneous measurement of physiological 
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Table 7. Means (standard errors) of abaxtal leaf tempera- 
Cures and treatment plot air temperature in irri- 
gated and unirrigat*d understory sugar naple on 
three dates in 19BB. 



July 6 Control 

Irrigated 

August 16 Control 

Irrigated 

August 30 Control 

Irrigated 



Temperature (°C) 


Uaf 


Air 


32.36b 


31.89b 


(0.57) 


(0.49) 


36.36* 


34.98a 


(0.77) 


(0.55) 


24.55b 


23.39b 


(0.35) 


(0.30) 


30.19a 


29.02a 


(0.54) 


(0.45) 


21.79b 


21.07b 


(0.32) 


(0.25) 


27.75a 


26.92a 


(0.34) 


(0.30) 



Parameter means within dates followed by different letters are 
significantly different at P < 0.05 



116 



-a '. 















I 




■ 


CONTROL 












o 


IMlurcO 








,'' / 


























<= 




- 










O D'' 


r/ m 

o / ■■■ 












,&''*> ■ 








o° 






.'<• % 


m f 






°o*S 


r » 


■ 


■ 


sm * 








r " 




■0 s^ 









. .< 


c 


1* 


° t^^ 






<P 


»^J«o 


■ 


■ 


• ■ 








° x o 




■ 


■3 












I 


1 1 1— 






■ 


— i — — r 1 p 



m no m w> 



Fig. 5. Leaf-air temperature difference »s a function of PAR irradiance 
in irrigated and unirrigated underscory sugar maple sapling leaves 
ac Huskoka Lakes on August 30, 1988. 



117 



6 -1 






■ 


" 


• ■ 




". 


t.tJ 


-t- 




■ 

* m 



m CWTmL 
O r»!K«TfD 






9TT^-. 



-^-1 



LIU- - «B T£i«B»rJIE 0IFF6KEICE I ■ 



riz 6 PhotosvflChaCic ra« in ralacion Co l«£-air t.mp.taeura aiff.r.nc. 

rig. 6. ^°«^ aced jnd unlrrlBSCed undrswry sugar » V 1. sapling l.av.s 
at Husltoka Lakes on August: JO, 1988. 



118 



parameters over short- term intervals provides a characterization of plant 
response and permits an interpretation of factors relating to stress and/or 
benefit. This allows for a further assessment of wastewater management 
practices that would enhance leachate treatment and provide benefit to the 
recipient terrestrial ecosystem while identifying mitigating procedures to 
reduce deleterious effects. 

The spectral response of mid- canopy leaves indicates that many of the 
mature trees subjected to spray irrigation at the Muskoka Lakes landfill 
s ice remain vigorous and may benefit from the added nitrogen levels and 
enhanced soil water availability as a result of leachate application. These 
measurements . however, were made in a season when Abnormally low levels of 
rainfall occurred. If leachate application rates are not regulated in 
accordance with evapotransplration demand and precipitation regimes* chronic 
excess soil water and poor soil aeration conditions will persist, inevlcably 
l,e ad I ng to tree rod t anae rob I osi s and the obse rved mature tree die- back 
(McBrlde et al . 1989). 

Understory vegetation, on the other hand, is enduring considerable 
stress as a result of leachate application, due at least in part to the 
distortive qualities of the precipitate residue that develops on adaxial 
leaf surfaces. This residue alters the spectral quality and absorbance of 
inc ident radiation on leaves and their surrounding environment , causing 
significant deviations in energy balances and microclimate. This in turn 
leads to reduced sapling photosynthesis and ultimately, reduced growth and 
decreased likelihood of forest regeneration by understory release. 

If application of landfill leachate to forest ecosystems is to be a 
considered seriously as a treatment and disposal option, then long-term 
management plans for terrestrial ecosystem use must be created before 
treatment commences and a full analysis of leachate characteristics and 
constituents should be performed In respect to pre-appl i cat Ion treatment 
requirements and application method. If ecosystem integrity is to be 
maintained and Leachate properties Indicate a precipitate will develop as a 
result of spray application, then pretreatment or deployment of an 
alternative application methodology {i.e. trickle or sub-surface Irrigation) 
might be necessary. Further study of these alternatives, their efficacy in 
the treatment of landfill leachate and their effects on recipient 
terrestrial ecosystems is required to fully realize the potential of this 
wastewater treatment and disposal option 
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TRACE HEAVY METAL SPECIATION IN FOUR LANDFILL 

LEACHATES AND THE RETENTION OF LEACHATE 

CADMIUM BY SOIL 

K. Bolton and L. J. Evans. 
Dcpartmeni of Land Resource Science , University of Guclph, Guelph, Ontario 

ABSTRACT 

The composition and speciation of four southern Ontario municipal solid waste landfill 
leachates were investigated, Leachate samples were analyzed for major cations and anions 
together with trace heavy metals. Although the chemical composition of the landfill leachates 
was extremely variable, some general conclusions can be made. The leachates contained high 
concentrations of alkali and alkaline earth metals and of chloride ions. Some contained heavy 
metal concentrations that exceeded maximum acceptable levels for potable water. The equi- 
librium chemical computer model GEOCHEM was used to calculate the speciation of the 
landfill leachates. Alkali and alkaline earth metals existed primarily as uncomplexed metals 
while iron existed primarily as hydrolyzed species. Heavy metals existed as free metals or as 
complexes with carbonates, hydroxide, chloride or sulphate. Chloride complexes dominated the 
aqueous chemistry of leachate cadmium, The retention of cadmium has been investigated by ad- 
sorption experiments and initial results indicate that Cd adsorption increases with increasing pH. 

INTRODUCTION 

The disposal of solid waste in sanitary landfill sites has been used and will continue lo be 
used extensively throughout Ontario. The major problem resulring from this method of waste 
management is the generation of large quantities of liquid leachate which subsequently move out 
of the fill and into the surrounding soil. It has been proposed (Harrington and Maris, 1 986) that, 
since this leachate contains all of the essential plant nutrients, it would be practical to apply the 
liquid leachate to forested and agricultural ecosystems using slow rate infiltration land treatment 
However, because the liquid leachate often contains high concentrations of organic and inor- 
ganic pollutants, our desire to solve one problem may, in fact, be creating another. 

Chun and Dewalle 0976) have shown that the composition of landfill leachate from different 
sources is extremely variable. The variability in leachate composition is due to factors such as: 
size and composition of solid wastes, landfill age and degree of compaction and rainwater in- 
filtration. Therefore before landfill leachates can be considered as a source of recycled plant 
nutrients it is important to investigate their composition and to calculate their metal speciation. 
This paper reports the results of a characterization of four southern Ontario landfill leachates. To 
simulate the chemical speciation of the landfill leachates the equilibrium chemical model 
GEOCHEM and the thermodynamic database GEODATA (Sposito and Mattigod, I979) were 
used. Computer models like GEOCHEM allow the user to calculate the equilibrium speciation 
of the chemical elements in a sod solution. 

Due to the presence of chemically reactive components, including clay minerals, humie 
materials and the oxides, hydroxides and oxyhydroxides of iron and aluminum, soil has the 
capacity to immobilize trace heavy metals. Chian and DeWallc (I976) reported cadmium con- 
centrations in sanitary landfills in the range of 0.03 to 17 mg/1, Because of its environmental sig- 
nificance the interaction and mention of leachate Cd by the soil is also being investigated. This 
paper also presents the preliminary results of this investigation. 
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TRACE HEAVY METAL SPECIATION 

Materials and Methods 

Leachate samples were taken from four municipal solid waste landfill sites in southern On- 
tario. The four landfill sites sampled were (he Essex County Sanitary Landfill No. 
2(Leamington), the Hamilton-Wentwonh Regional I-andfill (Glan brook), the Muskoka Lakes 
Landfill, and the City of Guelph Landfill. One litre samples were taken in the summers of 1988 
and 1989. The samples were refrigerated and filtered through a 0.45pm millipore filter prior to 
analysis. 

Atomic absorption spectroscopy was used to determine the concentrations of K, Na, Mg, and 
Ca. Concentrations of Ni, Cd, Fe, Mn, and Zn were measured using Inductively Coupled Plasma 
- Atomic Emission Spectroscopy (ICP-AES). Phosphate and SO4 " were determined using Ion 
Chromatography while CI", NO3' and NH4 + were determined by colorimetric methods. Total or- 
ganic carbon, electrical conductivity and pH were also measured. In addition, a red precipitate 
found in the Muskoka leachate was characterized by scanning and transmission electron micros- 
copy (SEM and TEM), energy dispersive spectroscopy and x-ray diffraction employing CuK-; 
radiation. 

The computer program GEOCHEM was used to calculate the chemical equilibrium composi- 
tion of all the leachate solutions. 



RESULTS AND DISCUSSION 

Table 1 summarizes the chemical composition of the four leachate samples. Although the 
chemical composition of the leachates is extremely variable some general conclusions can be 
made. The leachates contained high concentrations of the major cations Mg, Ca, K, and Na. 
The leachate samples from the Guelph, Leamington and Glanbrook sites had high CI" concentra- 
tions. From an environmental point of view the heavy metal concentrations, particularity that of 
Cd, are of greatest concern. In all four leachates Cd concentrations exceeded the Mi nislry of the 
Environment's maximum acceptable potable water level of 0.005p.g/ml (Ontario Ministry of the 
Environment, 1983). 

Large quantities of a rust coloured solid were found in the Muskoka leachate and, due 10 the 
high iron concentration in this leachate (Table 1 ), the presence of an iron oxide was presumed. 
The x-ray diffractogram of the sample displayed a broad peak between 30 and 43'*28 . Scanning 
electron micrographs (Figure 1 ) revealed that the solid had a fine granular structure and energy 
dispersive analysis indicated a dominance of iron in the solid. These are characteristic of the 
poorly crystalline iron oxyhydroxide ferrihydrite. 

Tables 2 and 3 show the predicted percentages of free and bound metals in the Muskoka and 
Guelph leachates, respectively, as calculated by GEOCHEM. The alkali and alkaline earth me- 
tals are predicted to exist primarily as uncompiexed metals while Fe exists entirely as a complex 
with carbonate or hydroxide. The heavy metals, apart from Cd, are precicted to exist primarily 
as free metals with a minor amount of anion complexation. Chloride concentration has a great 
impact on the amount of free Cd present in the solution. The Guelph leachate has a very high 
CI concentration and hence only 12 percent of the Cd is predicted to exist as a free metal while 
the^relatively low CI" concentration in the Muskoka leachate results in almost 80 percent free 
Cd . The distribution of Cd species at different pH values for the Guelph leachate is presented 
in figure 2. 
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LE AC HATE CADMIUM 

Materials and Methods 

Soil samples were taken from the same four landfill sites sampled for Icachate chemistry. At 
[lie Hamilton-Wentwonh Regional Landfill two samples were taken, one from an undisturbed 
forested area (Glanbrook Ah) and the second from an adjacent grassed area (Glanbrook Ap). A 
sixth sample was taken from a site in the Regional Municipality of Niagara (Welland). Samples 
were taken from the A horizon of each profile. The samples were air dried, ground to pass ■ 2 
mm sieve and passed through a sample splitter prior to storage. For the adsorption experiments 
subsamples were ground further using a hand held mortar and pestle. 

Adsorption experiments were carried out in duplicate in 50 ml acid washed centrifuge tubes. 
Fifty to 200 mg of soil was added to the tubes along with 25 ml 0.01 M LiClOo solution. Ap- 
propriate quantities of 1 M LiOH or 1 M HCIOj were added to this solution and equilibrated at 
25°C for eight days to obtain nine pH levels in the range 3.5 to 8.0. After eight days of equilibra- 
tion aliquots of a CdCIOt solution were added to obtain Cd concentrations ranging from 0.06 to 
0.2 mmol Cd/1. The solutions were equilibrated at 25°C for another 24 hours and then 
centrifuged at 8000 x g for 20 minutes. A 10 ml sample was filtered (0,45u.m) for quantification 
of residual solution Cd by ICP-AES and a HACH free-diffusion junction electrode was used to 
measure pH on the remaining solution. 

RESULTS AND DISCUSSION 

Figures 3 and 4 show the pH-dependent adsorption behaviour of Cd for the Glanbrook Ap 
and the Guelph Ap horizons, respectively. The relative proportion of adsorbed Cd was calcu- 
lated as the amount of metal adsorbed after 24 hours divided by the amount added. Although the 
amount of adsorbed Cd differs between the soils a common trend for heavy metal adsorption 
was observed. This pattern, or adsorption envelope, has been reported previously (Elliott et al.. 
1986) however the mechanism controlling the adsorption behaviour is not understood (Evans, 
1989). 

FUTURE WORK 

Until very recently, modelling adsorption in soils was done using adsorption isotherms or ad- 
sorption kinetics. These approaches, however, do not represent a mechanistic approach to ad- 
sorption. Attempts have been made to mode! colloid surface phenomena by introducing the 
"surface functional group". These "groups" are charged molecular units on soil surfaces that can 
form complexes with species in solution and include the hydroxy! groups on metal fliydrjoxides 
and aluminosilicates and carbonyl groups on insoluble organic matter. 

Equilibrium constants for the formation of complexes between Cd and the surface functional 
groups in the soil will be used in a "surface complexation model" to describe adsorption of Cd. 
A mechanistic model employing metal speciation and surface complexation data will be used to 
predict leachate Cd transformation within the soil. 
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Table I The chemical composition of the Guelph, Mitskoka, Leamington and Glanbtook 
leachates. 
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Table 2 Geocnem - Muskoka ieachaie speciarion 
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Fig. 1 Scanning electron micrograph of ferrihydriie in the Muskoka Ieachaie. 
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Fig. 2 Distribution of Cd2-¥ species at different pH values for the Guelph ieachate. 
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Fig. 4 The pH dependent adsorption ofCd <02 mM) on the Guetph Ap soil. 
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C13 

FISH WASTE PRODUCTION - RAINBOW TROUT CULTURE 
P.S. Chisholm P.Eng. and J.l. Farrell B.Sc. <Eng. )* 

This study provides new information about quantitative estimates of waste 
production within land based rainbow trout culture. The estimates are related 
to fish size, and quantity and quality of feed consumed* Such estimates are 
required to describe the water quality conditions both within fish culture 
operations and in che effluent from them. 

Knowledge about water quality conditions within fish culture operations 
is essential for effective waste management in the growth environment. Also, 
effective management of effluent waste products requires quantitative information 
about effluent quality. 

Estimates of waste production are calculated from a three part empirical 
model. Fish growth is modelled as a function of time according to water 
temperature, fish size and environmental parameters that account for the geometry 
of the holding facility. Given estimates of fish size, and corresponding growth 
rates, the second part of the model provides an estimate for the quantity of feed 
consumed by an individual fish on a daily basis. Alternative estimates for dally 
feed consumption are derived from feed conversion ratios and optimum feed 
consumption charts. 

In the third part of the waste production model, estimates of feed consumed 
by an individual fish are translated Into estimates of the quality of waste 
produced by an individual fish. Estimates of waste quantities are determined 
two ways. Based upon empirical digestibility and excretion ratios, waste 



*The authors are Associate Professor and graduate student respectively, School 
of Engineering University of Guelph Guelph. Ontario NIG 2W1. 
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quantities of protein, carbohydrates (sugar and starch), lipids phosphorous 
and ash arc determined from known composition of feed fed. By this method, 
total nitrogen, total phosphorous, dissolved phosphorous , ammonia, total 
suspended, dissolved and settled solids are determined. 

AlcerndC Ive Iv , separate estimates of dissolved , settled and suspended waste 
products are determined directly from Che bulk quantity of feed fed. These 
estimates are based upon empirical relationship between the quantity of feed fed 
and corresponding quantities of waste product produced. This method provides 
quantitative est imates for ammonia, suspended solids , total settleable plus 
suspended solids, dissolved phosphorous settleable and suspended phosphorous, 
dissolved nitrogen settleable and suspended nitrogen. 

Both methods for calculation of waste quantities, are based upon waste 
production by a single fish. Linear extrapolation is assumed for estimating 
waste production by a sample of fish as they grow. Concentration of waste 
products is determined according to flow rate through the holding facility. 

Modelled estimates and experimental observation of waste production by a 
laboratory sample of rainbow trout have been developed for the period 89 06 01 
to date. During this period average fish mass has increased from 10. I grams to 
220 grams and bio-mass has been watntalned at approximately 25 kg.m" 3 in the test 
facility. This has been managed by removal of fish in relation to fish growth. 

The laboratory design for the study is given on Figure 1. The hinged false 
bottom (item 9) was designed as a grill with 30 mm square openings through which 
settleable waste produces would fall. These measures were taken to isolate 
settled wastes f roin the fish thereby preventing re -suspension of the settled 
wastes. Thus representative quantities of suspended solids would be produced 
and observed. 
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To date, observed fish growth has been consistent with estimates of fish 
growth based upon accepted fish growth models for rainbow trout. Also, estimates 
of the waste products by modelling are consistent with measurements of waste 
products in the effluent from the experimental tanks. 

The modelling and measurement of waste production from this investigation 
will he completed 89 11 30. Interim experimental results support the following 
propositions about waste production in land based rainhow trout culture: 

- modelling of fish growth in relation to water temperature and geometry 
of fish holding facilities Is feasible; 

- modeling of dissolved, suspended and settled solids in relation to fish 
size and quantity and quality of feed consumed Is feasible; 

- the concentration of suspended solids in the effluent from the 
experimental fish rearing tank is consistently less than 5.0 ppra and is 

directly dependent upon bio- loading; 

the concentration of phosphorous In the effluent from the experimental 
fish rearing tanks Is directly dependent upon Che concentration of 
phosphorous in the feed consumed by the fish. 
These propositions will be tested at completion of the investigation when 
the design implications of the study are assessed. 
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CLASSIFICATION AND LEACHABILITY OF HAZARDOUS WASTES AMD HAZARDOUS WASTE 
RESIDUES. (Project No. 411C) K.B. Harvey*, D.L. Wilkin, and R.J. Forth 
Atomic Energy of Canada Limited, Whiteshell Nuclear Research 
Establishment, Pinawa, Manitoba ROE 1L0. 

A consequence of the application of more stringent environmental 
scandards is the need to minimize both the volumes of hazardous 
materials placed in land disposal sites, and the quantities and levels 
of hazardous substances subsequently released from them Into 
groundwater. The current work investigates the possibllty of reducing 
release from hazardous vastes or hazardous vaste residues into 
groundwater by incorporating them Into glassy vasteforms. This 
addresses Environment Ontario Research Need LS12, "Attenuation of 
Leachate in Groundwater". A simulated vaste composition containing all 
the metals listed in Schedule 4, Regulation 309, has been made. In its 
raw form it simulates a plating residue, or a dust or sludge from a 
manufacturing process, or, In its calcined form, an incinerator ash or 
slag. Vasteforms have been produced by melting 105! or 40* by weight of 
the vaste together with a soda-lime glass composition. Leachate 
Extraction Procedure Tests at 2Z.3-C (relating to co-disposal, limited 
water flow) show reductions of between 3 and 4 orders of magnitude in 
leachate concentrations for heavy metals, such as As, Cd, and Ba, 
between the raw waste and the glassy wasteform. Serial leaching oi 
the glaj-v wasteform (relating to mono-disposal, high water flow) shows 
heavy metal leachate concentrations below chemical detection limits. 
These tests are being repeated using radioactive tracers, to improve 
sensitivity, and at 10-C, as more typical of a subsurface ground 
temperature. Future studies could include optimization of wasteform 
composition, and investigation of novel incineration method? tha' 
incorporate volume reduction and wasteform production ir. -,nt pioces» 
The latter would address Research Need LS03, "Technology for the 
Destruction and Disposal of Municipal and Industrial Wastes". 
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Research and Development of Permanent Onsite Solutions for Clean Up of 

Groundwater ai Waste Disposal and Industrial Sites in Canada - Phase I Update 

P. Hannak". B. Whiffin, D. Graham and R. Rush, 

CH2M HILL Engineering Ltd. (formerly CANVIRO Consultants), 

Suite 000. 180 King St. S, Waterloo, Ontario, N2J 1P8 



I. Abstract 

This paper describes the accomplishments and future directions of a two-phase 
project being conducted to develop and demonstrate technologies for remedia- 
tion of groundwater contamination at waste disposal and industrial sites through- 
out Canada. 

The research and development is focussed on the remediation of contamination 
due to organic chemicals including phenoxy acid herbicides, aniline, chlorophen- 
olics and volatile organics. The site selected for the demonstration is the Uni- 
royal Chemical manufacturing plant in Elmira, Ontario. 

The project approach uniquely integrates theoretical models used to predict 
groundwater movement, bench-scale experiments estimating the potential migra- 
tion and treatability of the contaminants with pilot-scale demonstration at the 
site. 

Phase 1 of the project was completed in mid-1989, the results of which are 
discussed in this paper. 

Phase I consisted of: 

i) Site and groundwater characterization 
n) Numerical simulation of groundwater flow 

iii) Batch tests to estimate sorption of selected target contaminants to 
soil 

iv) Identification of applicable treatment technologies 
v) Bench-scale biological and simultaneous biolugical/powdered acti- 
vated carbon (PAC) treatability studies 

Purging of the contaminated aquifer followed by above ground treatment was 
identified as a viable technology option. Combinations of biological treatment in 
a sequential batch reactor and carbon adsorption were selected for the above 
ground pilot-scale demonstration. 



2. Introduction 

Although a variety of remediation technologies have been developed to address 
decontamination of waste disposal sites, the applicability of these technologies to 
specific site conditions needs to be demonstrated. Furthermore, there is a need 
to establish a general approach for the evaluation and selection of viable, low 
cost technologies. 
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Definition of the governing methods of process selection, in conjunction with the 
identification of pertinent site and waste parameters, are expected to assist in 
the scale up and extrapolation of the results of research and development for 
other applications. 

The appreciation of this need led to the development of an applied research 
project. Several supporting factors were also considered: 

i) Many sites are known to exist in Canada where groundwater con- 
tamination by organic chemicals may require addressing in the near 
future 

if) Removal and offsitc disposal of contaminated residues and soil is 

extremely costly and liability for the waste remains with the genera- 
tors though the waste is no longer in their control 

iii) A review of remediation technologies frequently implemented at 

hazardous waste sites indicated a limited success due to constraints 
of the technologies and their applicability 

The benefits of such a project thus include: 

Restoration of hazardous waste sites for industrial and public use 

• Prevention of further contamination of the neighbouring river, 
water welJs, or other sources of drinking water. 

• Guidance for the remediation of additional sites having similar 
characteristics to the site which is the subject of the demonstration 

project 

3. Site Selection and Hydrogeology 

The site selected for both development and demonstration projects is the Uni- 
royal chemical manufacturing plant at Elmira, Ontario (hereafter referred to as 
the Uniroya! site) (see Figure 1). The company was and remains under a Con- 
trol Order from the Ontario Ministry of lhe Environment related to environmen- 
tal impacts arising from its waste disposal. The plant has been in operation 
since 1942 and has produced a large number of products composed primarily of 
organic chemicals. 

Of particular concern is the water supply aquifer for the Town of Elmira. The 
water supply aquifer passes beneath the Uniroyal site and municipal water wells 
for the Town are located at close proximity to Uniroyal (see Figure 2). Chemi- 
cals have migrated into the municipal water supply aquifer beneath the site. 

Recent concern with toxic organic chemicals in the environment, together with 
the number of different waste sources at the Uniroyal site and the threat of 
potential contamination of a potable groundwater supply, make the Uniroyal site 
ideal and unique for research, development and demonstration (R, D&D) of 
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FIGURE 1 

LOCATION OF 
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permanent onsite remedial technologies for organic contamination of ground- 
water at waste disposal or industrial sites. 

The geology of the site consists of a complex sequence of glacial, glaciofluvial 
and glaciolacustrine deposits (Figure 3). Extensive research of the Uniroyal site 
has been conducted primarily by Morrison Beatty Limited (MBL 1985, 1987, 
1988, 1989) as well as Terraqua (1987). 

The most significant environmental impact identified by the MBL studies was the 
contamination of the municipal aquifer beneath the Uniroyal property. Elevated 
concentrations of a number of groups of organic chemicals were observed at 
onsite monitoring wells in this aquifer. The potential for these chemicals to 
reach the municipal wells is of great concern. 

Documented hydraulic heads in the surficial aquifer clearly demonstrate that 
groundwater flow is occurring both laterally towards Canagagigue Creek and 
vertically downward toward the underlying municipal aquifer (MBL, 1985). 
Lateral migration has resulted in discharge of contaminants to the adjacent 
creek. Vertical migration has led to the distribution of toxins in the underlying 
outwash and till materials. Although previous work on the Uniroyal site has led 
to elimination of some contaminant sources, others still exist and the contami- 
nants distributed within underlying soils continue to act as a source of contami- 
nants to the deep aquifer. Certainly any remedial work needs to address this 
situation. 

Based on the site hydrogeology and history, the most appropriate area of the 
site was chosen for the study. The selection factors considered were as follows: 

• existence and contribution of known contamination sources 

• minimizing the incremental spread of groundwater contamination 
due to pilot-scale testing 

• cost implications to install and operate the pilot demonstration 
system 

• concurrence with Uniroyal's environmental management plans 

Through a consideration of all these factors, the former wastewater treatment 
pond area (see Figure 2) was selected as the preferred site for pilot-scale stu- 
dies. This area is characterized by high levels of contamination in the municipal 
aquifer and even higher levels in the shallow aquifer. It became apparent 
through the course of the preliminary investigation that the shallow aquifer was 
acting as a source of contamination to underlying strata and that any efforts to 
restore the municipal aquifer would be futile and unsuccessful without first 
addressing the shallow contamination source. 
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FIGURE 3 
GENERALIZED HYDROSTRATIGRAPHY (MBL, 1985) 



4. Project Scope and Approach 

An integrated bul stepwise approach was adapted in the design and execution of 
the project, CH2M HILL's integrated engineering approach is presented in 
Figure 4. 

Based on the project objectives and site characteristics, a specific project scope 
was derived. 

A short-list of the chemicais of interest was developed (Table 1) based on the 
materials used in manufacturing and the waste products generated by Uniroyal 
along with analytical composition of the groundwater in the testing area. 





Table 1 






CHEMICALS OF INTEREST IN GROUND* AT 




THE UNIROYAL SITE 






(rMttl 




Primary 


Secondary 


Toluene 




X 


■k-n/cnt 






X 


m- & p-Xylene 






X 


u- Xylene 






X 


C hlnroben/ene 




X 




2,4*Dr,2,4-dichlorophenaxyac£Uc acid) 




X 




2A5'T(2,4,5-trichlorophcn(»eyacetic acid) 




X 




Pnenols 






X 


Aniline 




X 




Nitrobenzene 




X 




MiTtapmhcna)ihioa>l 




X 




Hexachlorobemene 






X 


2_wrCP{2,3,4-irichlorophcJiol 






X 


2,.1,4.5-T 4 CP(2,-l,4.5-ieirachlorophenol) 






X 


2,3,4,6-T.CP(23.4,6-iciraclitorophenol) 
2,4.5TCP{2,4j-[richlorophenol) 






X 






X 


2.4.6- TCP(2A6.trichloraphenol) 






X 


PCPipcniachlorophenol) 






X 



Efforts are directed to select appropriate criteria for judging the success of the 
pilot-scale demonstration. However, resolution of this issue has not been 
achieved to date. 

5. Technology Review and Selection 

A comprehensive review of existing and emerging remediation technologies was 
carried out. Technologies screened can be classified into two major groups as 
follows: 

• In situ 

• Above ground 
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Sub-groups of these classes include: 

• Physical treatment 
Chemical treatment 

■ Biological treatment 

• Air emission control 

Through the course of this review, it has become clear that no single technology 
can address all aspects of a complex remediation task. It was also concluded 
that several other technologies were not applicable to this particular site. 

Out of the in situ treatment technologies, biological remediation and vapour 
extraction possessed the greatest potential for application at Uniroyal but were 
eventually ruled out in favour of purge and treat methods for one or more of 
the following reasons: 

Moderate aquifer hydraulic conductivity (ie. 3 x Iff ' - 3 x ICC'* 

cm/sec) 

• Unknown metabolic pathways and the yield of potentially hazar- 
dous by-products during bioremediation 

• Neither technology was likely to address all contaminants of con- 
cern resulting in residual aquifer contamination 

Through an elimination process, purging of the contaminated groundwater fol- 
lowed by above ground treatment were identified as suitable technology options. 

Purging can only be efficient if the contaminants are mobile and tend to readily 
partition into the groundwater rather than retained by the soil. The partitioning 
may be characterized by the Retardation Factor (R). Therefore, R values of the 
contaminants of concern were derived. The calculation methods were based on 
the organic carbon content and typical soil density and porosity of several soils 
in Ontario (Gillham et al, 1978). Laboratory-scale batch equilibrium adsorption 
tests were conducted to assess the reliability of empirical estimates of R. It was 
concluded that the contaminants of interest at Uniroyal were relatively mobile in 
the subsurface and that purging was applicable for demonstration testing. 

The primary above ground treatment technologies which are applicable to the 
conditions at Uniroyal include: 

• Aerobic biodegradation 

• Air and steam stripping 

• Membrane processes 
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• Oxidation 

• Adsorption (onto activated carbon) 

It was decided that the study will focus on the optimization of a selected aerobic 
biotreatment process followed hy carbon adsorption. Membrane processes and 
oxidation wili be evaluated and tested by others. 

Figure 5 shows selected process train options. 

Sequencing batch reactor was chosen over other biological processes for the 
following features: 

Capability to equalize shock loadings 

• Applicability to a wide concentration rang? of organics 

• Increased and undisturbed settling area 

' Single reactor, separate clarifiers and return system are not re- 

quired 

• Flexible operation for low and high rate discharges and for nitrifi- 
cation and de nitrification control 

Powdered Activated Carbon adsorption may be combined with the 

biological treatment 

Laboratory Testing 

Laboratory testing was carried out to: 

» demonstrate treatability of the groundwater 

• provide information on the partitioning of contaminants for purging 
1) Bench-scale treatability studies 

The objectives of these studies included: 

Verification of the treatability of groundwater samples representing 
variances in the groundwater composition 

Establishing a range for achievable removal rates 

• Identification of specific compounds amenable to the treatment 

. Identification of major recalcitrant contaminants for further treat- 

ment 

• Derivation of information for process selection and design 
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FIGURE 5. TREATMENT PROCESS TRAIN DESIGN OPTIONS 
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A batch type treatment study was carried out in two phases with and without 
the addition of Powdered Activated Carbon (PAC). 

Mixed liquor from the Elmira sewage treatment plant (STP) was used as the 
source of a suitable seed for the treatment. The mixed liquor was acclimated 
prior to the treatment with increasing concentration of groundwater. 

Figure 6 shows reduction of Dissolved Organic Carbon content (DOC) as a 
function of treatment time. Additional experiments are underway with the 
combination of Bio and PAC treatments. A more detailed discussion on the 
treatment experiments is given in the Phase 1 (CH2M HILL. 1989) report. 

Additional sorption tests .ire also planned to evaluate the potential of Granular 
Activated Carbon adsorption and to also select compounds to be monitored in 
the demonstration phase. 

2) Bench-scale soil sorption studies 

Sorption is believed to be the primary process affecting contaminant mobility, 
therefore efforts are concentrated on this process. 

The testing in progress consists of two primary components: 

Laboratory-scale adsorption tests 

• Laboratory-scale desorption tests 

(i) Laboratory-Scale Adsorption Tests 

Laboratory-scale tests are being used to assess adsorption under equilibrium 
conditions. The advantages and disadvantages of these tests are described in 
Gillham et al (1987). Key aspects of the methodology are summarized below: 

• Sorption is inferred hased on solute concentration prior to and 
following equilibration with clean porous media from the Uniroyal 
site 

• Solution concentrations span the range of groundwater concentra- 
tions observed at Uniroyal 

■ Adsorption is assessed under single contaminant (ie. benzene only) 

and multi-contaminant (ie. toluene, chlorobenzene, 2,4-D, 2,4,5-T, 
benzene, m- & p-xylene and o-xytene) conditions to assess competi- 
tive and/or co-solvent effects 

• The sensitivity of adsorption to other contaminants present at 
elevated concentrations in groundwater at the site is assessed by 
conducting tests with/without the contaminant aniline 

• Tests are performed under typical in situ groundwater conditions 
(ie. 10"C. darkness) 
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Equilibration occurs over a period of } days which has been found 
in he sufficient by other researchers (Cum's et al, 1986) 

Interpretation of results includes extensive QA.QC to account for 
variation inherent in any analytical methods, losses during the tests, 
raw water contamination and soil heterogeneities 

The results of this work will be compared to the adsorption predicted by empiri- 
cal methods to assess whether empirical methods provide a suitable estimate of 
adsorption in a multi-contaminant environment such as that at Uniroyal. If 
empirical methods prove sufficiently reliable, laboratory adsorption tests would 
not be required to quantify adsorption at other similar sites. 

(ii) Laboratory-Scale Desorption Tests 

Desorption tests are being conducted under dynamic conditions by desorption 
from contaminated aquifer material in laboratory columns. The objectives of 

these experiments are: 

To determine the relationship between the volume of uncontami- 
nated water flushed through a soil and the aqueous concentration 
of the effluent 

■ To determine the dependence of (i) on velocities likely to be 

encountered under natural and induced (ie. pumping) gradient 
conditions 

To compare the results to estimates based on empirical correla- 
tions, equilibrium adsorption tests and field scale injection/with- 
drawal extraction tests (discussed subsequently) 

• To examine mathematical models to characterize desorption pro- 

cesses including kinetic effects (if necessary) 

Desorption tests will be used to evaluate the desorption behaviour of several 
contaminants of concern at Uniroyal as well as to assess the applicability of 
these tests as a predictive tool. Results will be compared to the resulu of field 
Kate lestinc, described subsequently. 

7. Gmundwater Modelling - Development of an Aquifer Restoration 
Management Model 

The intent of this component of the approach is to couple the results of lab and 
field scale demonstrations specific to both treatment and purging processes. 
These results would then be used to extrapolate to full scale aquifer restoration 
at the site. 

It is planned to investigate methods to optimize aquifer restoration including 
both formal (ie. linear and/or non-linear programming) and informal approaches 
(ie. ad-hoc approach based on scientific judgment). At present, the heterogenej- 
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ties .11 the site such as numerous waste sources and variable hydrogeology sug- 
gest thai more formal approaches are not applicable. 

To date, a model has been developed to simulate groundwater flow at a regional 
and at a local scale in 3-D. A regional scale model was developed first to: 

• determine if sufficient hydrogeological information existed to repro- 
duce measured hydrogeologic conditions, 

• develop a better understanding of the regional and local hydrogeol- 
ogy, and 

• assist in developing boundary conditions for the local scale model 
including the effects of municipal well pumping. 

Once the regional model is calibrated, a local scale model will be developed to 
simulate the affect of various pumping schemes in achieving aquifer restoration. 



8. Future Tasks 

In addition to the completion of bench-scale studies and groundwater modelling 
work, three major field tasks will be carried out in the continuation of the proj- 
ect (Phase 2): 

• Field-scale injection/withdrawal extraction test 

" Optimization of the treatment process 

Demonstration of the treatment process 

A final report is expected to relate to the results to other groundwater 
contamination problems wherever possible. 
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ABSTRACT 

This research was designed to test the efficacy of a new, 
commercially available electrochemical cell in the purification 
of environmentally hazardous textile dyebath effluents. These 
effluents contain expensive dyes and other chemicals which, if 
they can be reclaimed, represent a substantial economic saving. 
More importantly, reduction of the chemical content and toxicity 
of the used dye liquors will provide the textile industry with 
the choice of either safely dumping the purified water-like 
effluent or recycling it in subsequent dyeing cycles. 

The treatment has been applied to three of the most 
commonly-used disperse (polyester) dyes in Ontario. It was 
highly effective in colour removal and in reducing the toxicity 
of the effluents as determined by Daphnia magna bioassay. 
Subsequent use of the purified effluent produced high quality 
dyeings although the colour differences between the samples dyed 
using initial and recycled liquor were greater than recommended 
tolerances. 

The electrochemically treated effluent contained substantial 
amounts of iron, a problem if it were reused in conjunction with 
metal-sensitive dyestuffs. Reuse of the dyes recovered from the 
effluent has not yet been investigated. 



INTRODUCTION 

During recent years, environmental issues have become the 
focus of public attention. A major concern has been pollution of 
the environment as a result of various manufacturing industries, 
including textiles (6, 11, 12, 14). Effluent from textile 
dyebaths, in particular, are not only aesthetic pollutants by 
virtue of their colour, but may impede light penetration in the 
receiving body of water, thus interfering with biological 
processes (7) . Dye effluents also pose the problem of 
potentially toxic or carcinogenic chemicals entering sewage 
treatment facilities not specifically designed for them (17) . 

Conventional biological treatment of dye effluents has not 
been particularly effective as many dyestuffs are resistant to 
degradation (4, 5, 15). Such treatment has also been reported to 
be particularly ineffective in removing colour from dye effluents 
(10). 
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Although several physical and chemical methods have been 
used to treat dye effluent, no one treatment seems suitable for 
all dye effluents. Rather, the effectiveness of each is 
dependent upon the type of dyestuff and chemical assistants used 
for dyeing (7). Carbon adsorption and ozonation have been shown 
(16) to be ineffective in colour removal from disperse dyebaths 
whereas both chemical coagulation and reverse osmosis are highly 
effective. Unfortunately, reverse osmosis involves high capital 
costs. 

Electrochemical methods have been used in several ways for 
the treatment of effluents. The skim tank of a typical 
biological waste treatment system has been designed as a basic 
electric cell to assist in suspended solids removal (1). An 
electrolytic cell has been used in the production of hypochlorite 
in the treatment of wastewater (8) . Electrochemical treatment 
has also been used as one component of a five step procedure in 
processing dyebath effluent (3). 

An electrochemical method has recently been developed by 
Andco Environmental Processes Inc. (Amherst, N.Y.) for the 
removal of heavy metals from wastewater. The method, which is 
based upon the use of sacrificial iron electrodes, has also been 
shown to be a simple and effective means of removing selected 
dyes from effluents (9, 2, 18) . This paper is a report of 
preliminary results of an ongoing study involving the use of the 
Andco process in the purification and recycling of disperse 
(polyester) dye effluents. 



MATERIALS AND METHODS 

Materials 

1. Dyes : 

The sales managers of five large dye suppliers were 
contacted for data on the most commonly used disperse dyes in 
Ontario. The two most popular reds, blues and yellows were 
screened for their environmental toxicity (as described below) 
and the more toxic of each color was used. Those three dyes were 
C.I. Disperse Blue 56, C.I. Disperse Red 60 and C.I. Disperse 
yellow 34. 

2. Fabric : 

One hundred percent Dacron polyester was used as the 
substrate to which the dyes were applied. 



151 



Meth ods 

1. Electrochemical Treatment: 

The system used in this study was a laboratory-scale 
electrochemical cell obtained from Andco Environmental Processes, 
Amherst, N.Y. Wastewater was circulated around two iron 
electrodes to which an electric current was applied. Iron was 
released from the anode, with the following reaction occurring: 

Anode (oxidation) : 

Fe > Fe++ + 2e- 

Cathode (reduction) : 

2H 2 + 2e- > H 2 + 20H- 

Overall Reaction: 

Fe + 2H 2 + Electrical Energy * Fe(OH) 2 + H 2 

The freshly-produced iron hydroxide facilitated adsorption of the 
dye from the effluent. 

Prior to passage through the cell, the pH of the liguor was 
lowered to approximately 3.0. The cell was operated at 0.4 
amperes for eight minutes in order to release sufficient iron to 
optimize removal of the residual dyestuff from the effluent. 
After passage through the cell, the pH was raised to 8.5 and 
polyacrylamide polymer added to stimulate flocculation and 
precipitation of the iron hydroxide and adsorbed dyestuff. The 
treated dyebath was then filtered (Whatman #2) with suction. 

Visible spectra were produced for each of the three dye 
effluents before and after electrochemical treatment (Hewlett 
Packard 8451A Diode Array spectrophotometer, Palo Alto, Cal . ) . 
Since disperse dyes are virtually insoluble in water, an organic 
solvent (acetone) was used to dissolve them prior to spectral 
analysis. For each sample, the ratio of acetone to daionized 
water (plus constituents) was 9:1. 

2. Dyeing and Colour Measurement : 

The dyebath formulation was that recommended by the Dyestuff 
& Chemical Division of Ciba-Geigy Corporation (Greensboro, ti.C.) 
and is as follows: 

Disperse dyestuff, X% 
Tinegal NT, 0.5* 
Sodium acetate, 2.0% 
Acetic acid (56%), 1.0% 
Dyebath: Fabric weight, 15:1 
pH, 4.5-5.0 
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A H dyeing (based on fabric weight) was used because it did not 
result in a large amount of residual colour in the bath after 
dyeing. Deionized water was used for the purposes of laboratory 
control . 

Each specimen of polyester fabric weighed 10 + 0.20 grams. 
Four specimens were dyed with each dye. The fabric swatches were 
initially saturated with deionized water containing a few drops 
of Triton x-100 (Rohm & Haas, Philadelphia, Pa.). Dyeing was 
done in a rotary laboratory dyeing machine (Atlas Launder-Ometer, 
Atlas Electric Devices Co., Chicago, 111.1, beginning at a 
temperature of approximately 55C. The temperature was raised to 
the boil over 30 minutes. The temperature was maintained at the 
boil for 45 minutes and then lowered to 78C. The samples were 
removed from the dyebath, rinsed in hot (49-54C) deionized water 
and then dried at room temperature. The used dyebath and rinse 
water were combined and 1 liter was passed through the 
electrochemical cell and filtered. 

The filtered effluent was used to formulate a new dyebath 
within 96 hours following filtration. This reconstituted dyebath 
had the same formulation as the initial dyebath except that the 
recycled effluent was used instead of deionized water. The pH 
was lowered to equal that of the initial dyebath (4.5-5.0) and 
the dyeing was performed as before. 

For each dyestuff, the colour of the specimens which had 
been dyed using the fresh and recycled liquor was compared. Five 
colour measurements were done on each specimen using a ColorQUEST 
spectrocolorimeter (Hunter Associates Laboratory, Reston, Va. ) . 

3. Toxicity Tests : 

The toxicity of the samples to Daphn i a magna was assessed 
following the protocol of the Ontario Ministry of the Environment 
(13) for an LC 50 for 48 hours. The test was performed on each of 
the three dyes and Tinegal assistant before dyeing, and on each 
of the three dyebaths, the Tinegal and water control after 
electrochemical separation. 



RESULTS AND DISCUSSION 

1- Electrochemical Treatment : 

The visible spectra of the three dye effluents before and 
after treatment (Figures 1-3) indicate complete extraction of the 
dyes by the electrochemical method. The single large peak 
appearing in each of the spectra of the untreated effluents is 
caused by the dyestuff. The absence of these peaks in the 
spectra of the treated effluents indicates complete removal of 
the dyes. A control showed that the peak appearing at 
approximately 325 nm is caused by the Tinegal NT dyebath 
assistant in the effluent. The peaks in the 300 ni range are due 
to noise from the machine. 
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2- Dveing and Colour Measurement: 

The electrochemically treated, filtered effluent which was 
used for the final dyeings appeared to contain a substantial 
amount of iron but no dyestuff. Despite the presence of the 
iron, the specimens dyed with each of the three dyes in the 
recycled effluent were as uniform as the controls dyed using 
deionized water. 

The difference in the colour among the replicate control 
specimens was less than that among the final dyed specimens. It 
is logical to assume that the colour variation among the latter 
specimens is due to the presence of the iron in the dyebath. 

The red and yellow specimens dyed with the recycled liquor 
were darker and slightly sore red than the controls. The blue 
samples dyed with the recycled liquor were lighter and more 
yellow than the controls, probably due to the presence of iron in 
the effluent. The colour difference between the control and 
final samples for all three dyes was greater than the recommended 
0.50 tolerance level (20). 

3 - Toxicity of Efflu ent to Daphnia Magna : 

The acute toxicities of C.I. Disperse Blue 56 and C.I. 
Disperse yellow 34 were markedly reduced following 
electrochemical treatment (Table 1-2}. To determine toxicity, 
both the LC 50 and EC 50 must be considered. The LC 50 measures' the 
concentration required to kill 50% of test organisms whereas the 
ECg measures the concentration required to kill or immobilize 
50* of the test organisms. The latter, therefore, presents a 
more sensitive measure of sample toxicity. It is on the basis of 
EC 50 that C.I. Disperse Yellow 34 is considered more toxic before 
than after electrochemical treatment. 

The toxicity of C.I. Disperse Bed 60 apparently increased 
following electrochemical treatment but this result is deceptive 
owing to the original conductivity of the liquor. Daphnia magna 
are hard water organisms and cannot survive in solutions that 
have a low conductivity (19) such as that of C.I. Disperse Red 
60 (Table 3). The protocol specifies that tap water be added to 
the solution and this raised the conductivity of the sample, 
thereby permitting survival of the organisms. Consequently! the 
results of the Daphnia magna test for this dyestuff are 
considered misleading. 

Dilution of the solutions had a differential effect on their 
toxicity. A 50% dilution of the treated blue and yellow dye 
effluents decreased the mortality of the daphnia by more than 50% 
whereas a 50% dilution of the treated red dye effluent reduced 
the mortality by only 25%. 
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CONCLUSIONS 

Electrochemical treatment with Iron electrodes was very 
effective in the removal of colour from C.I. Disperse Blue 56, 
C.I. Disperse Red 60 and C.I. Disperse Yellow 3d. Reuse of the 
treated effluent resulted in uniform dyeings with no dyespots. 
The colour differences between initial dyeings and those based on 
the purified liquor were greater than recommended tolerances. 
Toxicity of the effluent was substantially reduced by 
electrochemical treatment in all trials except that with C.I. 
Disperse Red 60. 

The presence of the iron in the treated effluent may 
contribute to both its toxicity and the colour differences 
between initial and final dyeings. Furthermore, if metal- 
sensitive dyestuffs were to be used, the iron could lead to the 
problem of dyespots on fabrics dyed using the purified liquor. 

A few obstacles must be overcome prior to applying this 
technology to industry. The iron remaining in the treated 
effluent should be eliminated. Methods to adjust the 
conductivity of the liquor other than pH must be investigated so 
that the risk involved in handling substantial amounts of acid 
and alkali be minimized. {We are currently examining methods to 
do this.) The frequent use of a sequestering agent in commercial 
dyeing would necessitate an increase in the amount of iron added 
to the effluent during treatment. Finally, the disposal of 
sludge remaining after filtration must be considered until a 
method can be found for recycling it. 

Electrochemical treatment of dye effluent to remove colour 
and reduce toxicity shows great promise once the attendent 
difficulties can be overcome. 
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Figure 1. Visbile Spectra of 
C.I. Disperse Blue 56 
(a) Before and {b} After 
Electrochemical Treatment 



Figure 2. Visible Spectra of 
C.I. Disperse Red 60 
(a) Before and (b) After 
Electrochemical Treatment 
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Figure 3. Visible Spectra of C.I. Disperse Yellow 34 (a) Before 
and (b) After Electrochemical Treatment 



TABLE 1. LC50 of Dves and Assistants 


to 


JHwhnia Baqna 




LC50 


<%> 




Untreated 




Treated 1 


Sample 


Liquor 




Liouor 


C.I. Disperse Blue 56 


35.4 




60.9 


c.I. Disperse Red 60 


70.7 




24.6 


C.I. Disperse Yellow 34 


65.8 




54.4 


Tinegal NT 


1.4 




10.2 


Deionized water control 


N.D. 2 




31.9 



1 Treatment consisted of passage through the electrochemical 
cell followed by filtration. 

2 N.D. ■ not done. 
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TABLE 2. EC50 of Dyes an d Assistants to Daphnia Magna 

..EC5.fl-i.3U- 







Untreated 


Treated 1 


Sample 




Liouor 


Liquet 


C.I. Disperse Blue 56 




24.0 


56.3 


C.I. Disperse Red 60 




70.7 


19.5 


CI. Disperse Yellow 


14 


32.4 


54.4 


Tinegal NT 




1.4 


10.2 


Deionized water control 


N.D. 2 


31.9 



1 Treatment consisted of passage through the electrochemical 
cell followed by filtration. 



N.D. 



not done. 



TABLE 3- Conductivity of Dyes and Assistants Before and After 
Electroch emical Treataent 



Sample 

C.I. Disperse Blue 56 

C.I. Disperse Red 60 

C.I. Disperse Yellow 34 

Tinegal NT 

Deionized water control 



Conductivity 


Before 
Treatment 
259 


After 

Treatment 

3114 


61 


1465 


290 


2560 


254 


987 


N.D. 1 


2130 



N.D. = not done. 
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Problem Statement 

In recent years the management of wastes from 
various sources has been a concern of governments, industry 
and the public. While increased volumes of waste from urban 
and rural areas have put pressure on existing landfill 
spaces, wastes from farm operations, not including farm 
livestock related wastes, have not been addressed to any 
great extent. In 1983, the Ontario Ministry of the 
Environment (MOE) released a "Blueprint for Waste Management" 
(HOE, 19631 . The report outlined some principles for waste 
management; but, agricultural wastes were not dealt with 
specifically* In 1985, the Environmental Protection 
Act (EPA) (MOE, 1982) was amended with the addition of 
Regulation 309 (MOE, 1985), to assist in the management of 
wastes in Ontario. Under Regulation 309, section 3, 
subsection 1, "Agricultural Wastes" are exempt from Part V of 
the EPA and Regulation 309. In Regulation 309 agricultural 
waste is however defined as ". . .waste, other than sewage, 
resulting from farm operations...". This definition could 
include such wastes as empty pesticide containers, empty 
fertilizer containers, farm machinery wastes and farm 
household wastes. 

MOE is currently addressing waste management from 
industrial and municipal sources under the 
Municipal/Industrial Strategy for Abatement (MISA) program 
(MOE, 1988) . Under this program, household hazardous wastes 
have been identified as a potential environmental problem; 
however, again farm hazardous wastes remain to be addressed. 
The Ontario Ministry of Agriculture and Food (OMAF) have 
produced "factsheets" to assist in the handling and disposal 
of potentially hazardous wastes such as pesticides and empty 
pesticide containers (Frank and Ripley, 1988: Frank and 
Winfield, 1987, 1986a; Frank and Chisholm, 1986b; Wolfe et 
al, 1961) . It has been suggested that the triple rinsing of 
"empty" pesticide containers, puncturing them to render them 
useless and burying them at least 50 cm deep is an acceptable 
form of disposal. A study by Miles et al (2933) found that 
less than .1* of the original contents remained in either 
triple rinsed containers or jet rinsed containers. In 1988, 
the Crop Protection Institute of Canada formed a Task Force 
on Crop Protection Chemicals in Water (Sawyer, 1989) . The 
main purpose Of this task force was to help eliminate human 
error in handling pesticides and reduce the amount of 
pesticides reaching surface waters. A pamphlet was produced 
called "Water in Trust", which emphasized the need to protect 
the environment from pesticide contaminants (CPIC, Undated). 
Triple rinsing "empty" pesticide containers was noted as a 
necessary practice to decrease the potential for , 
contamination. 

within the last couple of years, farm organizations, 
chemical manufacturers and governments have been attempting 
to address the problem of container disposal with alternative 
packaging, deposits on containers and special waste dumping 
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days (Rude,19B9; Sawyer, 1989). A study has been conducted 
at the University of Guelph, that examined the potential for 
recycling plastic pesticide containers with regard for 
potential chemical contamination of the plastic (Sawyer, 
1989; Rude, 19891 . Used pesticide drums have also been 
targeted for recycling in some areas of Ontario (Ford, 1988) . 

The quantities of active ingredients of pesticides used 
in Ontario on major field crops, fruits and vegetables and 
roadsides, increased by 32* to 8.8 million kilograms of 
active ingredients between 1978 and 1983, with a 
corresponding increase in the area sprayed of only 2.6* {from 
Roller, 1979; McGee, 1984) . Approximately 60* of farm 
pesticides are distributed in plastic containers (Rude, 
1989) . Machinery wastes from farm operations have not been 
addressed as being a potential pollution problem. Census 
farms reported in Ontario in 1986, having a total of 79,228 
trucks, 187,165 tractors and a combined 85,953 grain 
Combines, swathers, balers and harvesters (OMAF, 1987) . 
Assuming 20 liters of waste oil could come from each piece of 
equipment in a year, this would result in about 7 million 
liters of waste oil from farm operations in Ontario per year. 

There has been relatively very little research reported 
on total farm waste management which would include waste 
pesticide containers, waste fertilizer materials, wastes from 
farm machinery, household and yard wastes and other wastes 
that may be present on farm operations. A review of 
literature has not uncovered any survey reports of the 
overall disposal practices of farm operations. 



Project Objectives 

The main goals of this study were to determine the types 
and quantities of wastes being generated by farm operations 
in Perth County, Ontario and to assess the general current 
waste management practices. 
Specific objectives included: 

- to identify the nature of wastes generated 

- to identify the quantities of each type of waste 

- to examine the existing disposal practices 

- to estimate the potential environmental impacts as a result 
Of the current waste management practices identified 

- to survey the opinion of farm operators regarding 
alternatives to current waste management practices 
arising from other farm operations throughout the Province. 



Research Procedure 

Data collected for this study was obtained from a 
literature review conducted at local libraries, personal 
communications with external agencies (Hanly, 1988; Harris, 
1988; Blackie, 1989; McGee, 1989; Sawyer, 1989) and from 
personal interviews of randomly selected farm operations in 
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Perth County, Ontario. The survey data was collected from a 
personally administered questionnaire. The questionnaire was 
developed to collect data on the types and quantities of 
wastes being generated and the current disposal methods. 
Farm operator opinions regarding practical alternatives were 
also surveyed. The format of the questionnaire included 
questions to collect data on the types and quantities of 
wastes generated and the current disposal methods. Five 
general waste types were Include on the questionnaire: 
pesticides related, fertilizers related, machinery related, 
house and yard related and other wastes. Pesticide and 
fertilizer related waste were assessed by crop type. Much of 
the data sought was directed towards the areas of empty 
pesticide container disposal and the potential for ground 
water contamination. 

The questionnaire also collected data that could be 
compared with other survey data such as the 1986 Agricultural 
Census (OMAF, 198"?) regarding farm types and sizes, and the 
Survey of Pesticide Use in Ontario (Roller, 1974, 1979; 
McGee, 1984). Other questions related specifically to 
pesticide handling locations as they pertained to the 
drinking water well for the household (Frank and Ripley, 
1988) . The use of the triple rinsing method of cleaning 
empty pesticide containers prior to disposal as recommended 
by government agencies was assessed (Frank and Winfield, 
1987c; Health and Welfare Canada, 1986; Miles et al, 1983) . 
Data was also collected regarding well types (drilled or 
dug), and fuel storage tank locations relative to wells. 
Finally, farm operators were asked if they perceived any 
problems with their current waste management practices and if 
so, what they thought were practical and feasible 
alternatives. Other data pertaining to the current waste 
management practices of their home townships was also 
collected. For example, was there a "blue box" program 
currently operating in the township. 

Farm operations to be surveyed were selected randomly 
and were stratified to reflect the proportion of farm types 
present in the 1986 Perth County survey (OMAF, 1987) and to 
cover all townships within the county. During the 
distribution of the cover letter an attempt was made to 
distribute according to the above mentioned proportions. For 
example, one could usually identify a dairy operation by the 
presence of dairy cows or a milkhouse. This attempt to 
stratify the sample was based on the premise that certain 
farm types would have different crop types, and thus produce 
different wastes. 

A cover letter was developed explaining the objectives 
of the project, provide some background on the investigator 
and to inform people about the topic prior to the personal 
survey. The personal surveys took approximately one half 
hour to one hour to complete upon contacting the farm 
operator. 
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Summary of Findings 

The findings of this study are baaed largely on the data 
collected from the survey questionnaire. The survey 
population represented roughly 1% of the 1986 Perth County 
Census farm population (OMAF, 1987) . From the 1986 census 
farm data, Perth County reported having 2833 census farms. 
Census farms were defined as having $250 or more in annual 
sales in agricultural products. It was assumed that the 
survey population met this criteria based on the fact that 
all survey farms apparently were full time farm operations. 
Twenty seven of 87 questionnaires were completed at various 
times between February and September 1989. The locations 
where questionnaires were not completed the first visit were 
revisited up to 3 times to contact someone to complete the 
survey questions. This method proved to be inefficient due 
to the lack of set meeting times and the varying schedules of 
farm operators. An attempt was made to stratify the survey 
population by the type of farm as discussed in the Research 
Procedure. The distribution of farm types for the survey 
population and Perth County 1986 census farm population is 
listed in Table 1. The 1986 Perth County population had a 
more even distribution of dairy (26%), hog (23%) and cash 
crop (29*1 operations compared to the survey population which 
had a distribution of 41%, 22% and 19% respectively. 

Waste quantity data was collected for annual production 
of pesticide, fertilizer and machinery related wastes (Table 
2J . These quantities represented estimates from the farm 
operations since they did not refer specifically to written 
records of ie . pesticide use. The pesticide wastes were 
divided into two main categories; plastic liquid containers 
with 5 and 10 litre sizes; and bag type containers for 
granular materials in less than 5 kilogram and 25 kilogram 
sizes. These sizes represented the most frequently 
encountered sizes while the few odd sizes were fit into the 
closest category. Table 2 includes the response rate of 
operators producing that waste type and the average quantity 
produced by farm type. The total survey data showed that 78% 
of surveyed farm operations produced 10 litre size pesticide 
container wastes. The majority or 78% of farm operations 
surveyed reported applying their own pesticides. There were 
only 22% of all survey farms reporting waste plastic bags 
related to fertilizers. About 67% of the farms reported 
using bulk fertilizer applications which could account for 
the small percentage of farms reporting fertilizer related 
wastes . Machinery related wastes were the most frequently 
reported waste type from the survey. An average of 141 
litres/year of waste oils were recorded for the 96% reporting 
producing this waste type. As well, an average of 10 waste 
oil filters/year and 2 waste batteries/year were reported. 
Machinery wastes are possibly more related to the size of the 
farm operations than the type of farm operation. Household 
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and yard wastes were difficult to quantify and are not 
reported here. 

Waste disposal practices were divided into five types; 
burn, store, landfill, recycle and reuse on the farm. Table 
3 outlines the current waste disposal methods reported by 
farm operators for pesticide, fertilizer and machinery 
related wastes. Sixty percent of survey farm operations 
reported burning their waste pesticide containers, 39% 
reported landfilling and 1* reported reusing the containers. 
Almost all 198%) of operations reported burning plastic 
fertilizer bags. Eighty percent of operations reported 
reusing waste oil. At first glance this practice would seem 
ideal; however, these oils were reused on the farm almost 
exclusively for lubricating machinery/barn equipment or dust 
suppression on farm roadways. Another 15% of waste oil was 
burned and the remaining 5% was reportedly stored for future 
disposal . About 92* of waste oil filters were landf illed and 
8% were burned. A majority of the waste batteries (59% J were 
reported being recycled usually at a service facility off of 
the farm and 37* reported storing the batteries for future 
disposal . 

Table 4 summarizes the pesticide container rinsing 
practices of farm operations applying their own pesticides. 
A total of 10* reported rinses prior to disposal, another 
10* reported 1 rin3e, 43* reported rinsing twice, 29* 
reported rinsing 3 or more times and 10% reported rinsing 
until "clean". A combined total of over 60* reported rinsing 
their pesticide containers less than 3 times prior to 
disposal. Almost all of the operators poured the rinsate 
back into the spray tanks to be applied to the field/crop. 

A comparison of 21 of 27 survey farms crop type and 
acreage data and the 1966 Perth County crop type and acreage 
data is outlined in Table 5. Ninety percent of the survey 
reported growing corn (silage or grain) while 86* of the 1986 
Perth census farm population also reported growing corn 
(silage or grain). As well, the 1983 Survey of Pesticide Use 
in Ontario (Mcgee, 1984) reported that 43* of agricultural 
pesticides used in Ontario in 1983 were used on corn crops. 
About 38% of the crop acreage from the 21 farms reporting was 
reportedly grown in corn compared to 31 * from the 1986 Perth 
County survey (from OHAF, 1987). About 78* of the pesticide 
related waste from the survey was related to corn production. 
Although some of the external data presented for comparison 
is from different years, it is presented to show general 
trends and point out possible problem areas. 

Some potential environmental impacts relating to the 
reported waste management practices of the farm operators 
could include; concerns about groundwater contamination from 
concentrated pesticide residues in plastic containers burned 
close to domestic or livestock wells; concerns about the 80 * 
of waste oil reportedly reused on the farm that ends up in 
the local environment . Further considerations should be 
given to pesticide handling, use and container disposal and 
the resulting impacts on surface waters and groundwater. 
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TABLE 1 A Comparision of the Survey Farm Types to the 1986 Perth 
County Census ( from OMAF, 1987) 



Farm 


Survey 


% Survey 


Perth Co. 


% Perth 


Type 


Population 


Population 


Population 


Population 


Dairy 


11 


40 


742 


26 


Hogs 


6 


22 


650 


23 


Cash Crop 


5 


•9 


826 


29 


Cattle 


4 


15 


513 


IS 


Poultry 


1 


4 


73 


3 


Other 








27 


1 


TOTALS 


27 


99 


2833 


100 



Note: Cash crop includes mixed grain operations for both survey and Perth Census populations. 
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TABLE 2 Percentage of Surveyed Farm Operations Reporting Wastes by Type and Average Annual Quantity. 









Pesticide 




Fertilizer 


Machinery 








Related Wastes 




Rel. Wastes 


Rel. 


Wastes 




Farm 
Type 


Sizes/ 
Units » 


Plastic Cont. 
5 1. 10 1. 


Bags 

<5kg 20kg 


Bags 
25kg 


Oils 
I. 


Fill. 
# 


3att. 
# 


Dairy 


% Resp. 
Av. Quan. 


9 

e 


54 

6 


18 
28 


27 
21 


45 
132 


100 
165 


100 
11 


91 

2 


Hogs 


% Resp. 
Av. Quan. 


17 
10 


67 


17 
5 


SO 
12 







100 
126 


100 
8 


100 

2 


Cash Crop 


% Resp. 
Av. Quan. 


20 

"0 


100 

7 


40 

18 











80 
127 


80 

12 


60 

3 


Cattle 


% Resp. 
Av. Quan. 







100 

11 


25 

8 


50 

e 


25 

100 


100 
125 


100 

10 


100 
2 


Poultry 


% Resp. 
Av. Quan. 


3 




too 

50 


100 
20 






100 
15 


100 
91 


100 

13 


100 

1 


Total Surveyed 
Farm ODerations 


% Resp. 
Av. Quan. 


11 

9 


78 
12 


26 
IS 


30 
14 


22 
129 


96 

141 


36 

to 


93 
2 



TABLE 3 Current Waste Disposal Methods as Reported by Farm Operators. 



Waste 


Waste 


Disposal Practices: 








Type 


Bum 


Store 


Landfill 


Recycle Reuse 


Total 




% 


% 


% 


% 


% 




Pesticide 


60 





39 





1 


100 


Fertilizer 


98 











2 


100 


Machinery 














i> Oils 


15 


5 








80 


100 


ii) Oil Fitters 


a 





92 








100 


iii) Batteries 





37 


4 


59 





100 



Note: ■ Waste quantities were not collected for house, yard and other wastes. 
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Table 4 Pesticide Container Rinsing Practices as Reported by 
Those Who Apply Their Own Pesticides 

No. of Rinses Prior to Disposal 



Farm 










Until 


Type 





1 


2 


3or> 


Clean 


Dairy 


1 


2 


2 


2 


t 


Hogs 








4 


t 





Cash Crop 








1 


2 





Cattle 


1 





1 


1 


1 


Poultry 








1 








TOTALS 


2 


2 


9 


8 


2 


% Population 


10 


10 


43 


29 


to 



Note: About 78% (21 of 27) of those surveyed reported applying 
their awn pesticides. 
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TABLE 5 A Comparison a) Percentage of Survey and Perth Co. Data as Related to Crap Type 

















1983 






% of Survey 


% of Survey 


% of Survey 


% of Perth 


% of Perth 


Ontario 




Crop 


Growing 




Pesticide 


Growing 




Pesticide 




Type 


Crop 


Acreage 


Waste 


Crop(1) 


Acreage(1) 


Use (2) 




Corn 


90 


36 


78 


36 


y 


K 




Wheat/Grain 


57 


15 


3 


45 


22 


4 




Soybeans 


38 


14 


12 


12 


4 


15 




W. Beans 


29 


7 


6 


20 


s 


1 




Barley 


24 


6 


1 


30 


8 


- 




Hay 


19 


4 





63 


18 


- 


^1 


Alfalfa 


IC 


6 





- 





- 


*J 


Oats 


10 


1 





5 


1 


- 




Pasture 


62 


5 





35 


9 


- 



Note: 21 of 27 farms reporting 

Penh County; corn-silage+grain corn; 
(1 ) from OMAF. 1987. 
(2)fromMcGee. 1984 



wheatlgrain = mixed grains; hay=tame hay (from OMAF, 1987) 
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BACKGROUND 

Resorption Canada Limited (RCL) has been actively 
involved over the past few years in R&D with plasma arc 
technology, utilizing a specially designed 150KW plasma arc 
torch. Over the years a wealth of experience and Knowledge 
has been gained in the plasma arc processing of carbonaceous 
materials, pyroprocessing of ores and concentrates , and in 
industrial heat applications. A major area of concentration 
has been gasification, whether for the creation of a usable 
product gas, for the destruction of a waste materiel, or for 
a combination of both, A Plasma Heating System (PHS), when 
utilized in a reactor vessel with the exclusion of oxygen, 
can be used very efficiently for the gasification of any 
carbonaceous materiel. The resultant pyrolysis provides for 
virtual complete gasification of all combustibles in the 
source materiel, while non combustibles are reduced to a 
virtually inert slag. Municipal Solid Waste (MSW) , with its 
high carbonaceous content, is such an application, which 
combines energy production with the destruction of a waste 
materiel with what has always been considered to ba minimal 
Environmental pollution. Plasma gasification of MSW is, 
therefore, considered to be a very substantial alternative 
to current forms of disposal. 

The characteristics of plasma gasification of MSW were 
developed a number of years ago, however, prospective 
clients viewed the results as inconclusive since they were 
neither performed nor published in Canada, and there were no 
operational systems in either Canada or the US which 
utilized this technology in this application. In an effort 
to substantiate these operational characteristics and 
include an assessment of the environmental acceptability of 
the process, RCL, OBOE Engineering Limited and Ontario Hydro 
Research Division submitted an unsolicited proposal to the 
Ontario Ministry of Energy for funding support for a 
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feasibility study to investigate tise plasma gasification of 
MSW. The proposal was divided into two Stages, Stage 1 to 
determine the overall process heat balance and the Higher 
Heating Value of the product gas, and stage 2 to assess the 
environmental acceptability of the process as a whole 
including the combustion of the resultant product gas. Stage 
1 was subsequently approved for a 1 April 1986 commencement 
and the approval of Stage 2 was to be reassessed on the 
basis of the results obtained through Stage 1. 

Stage 1 was completed in February 1988 with 44 hours of 
experimental processing being performed. The final cost was 
$296,000, of which the Ontario Ministries of Energy and 
Environment cost shared 49. 1%. Ontario Hydro provided both 
in-Kind and cost sharing funding to a total of 22.8%, and 
the remainder was cost shared by RCL. OBOE Engineering and 
Plasma Energy Corporation of Raleigh, North Carolina. A 
summary of the results obtained and extrapolated to a 
commercial sized system compared to the results originally 
forcasted is as follows: 



Conversion Ratio 

Overall Efficiency 

Product Gas/Refuse HV Ratio 

Product Gas HHV (BTU/SCF) 

Dry Refuse/Slag Weight Reduction 

Wet Refuse/Slag Weight Reduction 

Refuse/Slag Volume Reduction 

Power per Tonne Refuse (KWhrs) 



Conversion ratio is defined as the energy available in 
the product gas compared to the electrical energy input to 
the process which created the product gas. A conversion 
ratio of 4.3:1 therefore means that for every BTU of thermal 



originally 


Commercial Size 


Forcasted 


Extrapolated 


4.99:1 


4.30: 1 


80.6% 


72.2% 


0.961 


0.868 


300-350 


282.15 {max) 


- 


5.37:1 


■' : 1 


8.06: 1 


20:1 


154:1 


S50 


612 
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energy input to the process through the plasma arc torch 
there are 4.3 BTUs of useable energy in the product gas. 
This ratio only considers the energy in the product gas, it 
does not consider any energy recovery of the sensible heat 
in the product gas which exits the reactor vessel virtually 
at the processing temperature. The energy balance derived 
through this experimentation is enclosed at Figure 1. 

The product gas had the following chemical composition 
at the maximum heating value obtained through this 
expe r i men ta t ion : 

Hydrogen 41. 2% 

Carbon Dioxide 8. 3X 

Ethylene . IS 

Acetylene 0.2% 

Oxygen 0.3% 

Nitrogen 17.0% 

Methane 3.2% 

Carbon Monoxide 29.7% 

Heating Value 282.2 BTU/SCF 

The by-product slag obtained through this 
experimentation had the following chemical composition: 

Carbon 0.71% 

Silicon. 12.60% 

Calcium 1 .67% 

I ron 6.85% 

Aluminum. 3 . 54% 

Sulphur 0.31% 

Ash 77.30% (at 900 degC ) 

With these favourable results in hand, RCL and Ontario 
Hydro Research Division resubmitted Stage 2 to the Ministry 
of Energy for cost sharing consideration and, with approval. 
Stage 2 formally commenced on March 6, 1989. This project 
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will follow-on directly from the previous experimentation 
and investigate the environmental characteristics of the 
product gas, the products of combustion of the product gas 
and the by-product slag, aa well as potential commercial 
applications of the by-product slag. The product gas will be 
analyzed directly from the gasification process and also 
after storage for an extended period of time. In addition, a 
leachate toxicity test will be performed on the slag. All 
environmental analyses will be performed by an independent 
analyses firm selected on the basis of cost and familiarity 
with the particular analyses. The estimated $237,000 cost of 
the project will be cost shared 45% by the Ministries of 
Energy and Environment, 13% by Ontario Hydro, and the 
remainder by RCL and a US developer from Cleveland, Ohio. 

The environmental aspects of the process which will be 
Investigated will include: 

- analysis of the product gas, the condensate extracted 
from the drying of the product gas, and the products of 
combustion of the product gas for PCB, PAH, CB, CP, 
PCDD, PCDF, acid gases and trace metals; and 

- analysis of the resultant slag for trace metals and 
leachate toxicity. 

THE EXPERIMENTAL PROCEDURE 

MSW throughput in the RCL plasma research facility, 
depicted at Figure 2, is estimated at 300-100 pounds per 
hour. Each experimental run covers a four to eight hour 
period, therefore, upwards of two tons of MSW are required 
per run. Either shredded or "as-received" city refuse can be 
accommodated, however, the use of shredded permits easier 
and more accurate ultimate and proximate analyses for 
comparison purposes, Steaai can be introduced at varying 
rates, as reouired, to provide additional oxygen to react 
with the free carbon forming additional CO and H2. 
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The control system is very versatile and enables one 
operator to process varying amounts of materiel from next to 
nothing to the maximum capability of the facility depending 
on the type of materiel being processed. The operator has 
continuous readout of critical operational parameters of the 
process. 

The process temperature, as monitored at the inside 
wall of the reactor vessel, is approximately 1100 deg C. 
Once the operating temperature is achieved, processing 
commences. MSW is weighed and then placed in the feed hopper 
for hydraulic feed into the vessel. The hydraulic system is 
adjustable to permit a variable rate of input materiel to be 
fed into the vessel. The pyrolysis operator monitors the 
processing rate through the temperature sensors in the 
vessel. An increasing temperature indicates that the vessel 
is emptying and a lowering temperature indicates that the 
MSW is being fed too rapidly. The optimum feed rate for the 
process is, therefore, achieved and maintained. 

Output slag is permitted to accumulate in the bottom of 
the reactor vessel and is removed through a trap door by 
hydraulically tipping the entire vessel. At a 20 to 1 volume 
redaction ratio between the input materiel and the output 
slag a full experimental run can be conducted without the 
need for slag output. The slag is poured into a bed of 
silica sand. 

The volume of product gas generated is continuously 
recorded on a Bailey gas meter, which is calibrated prior to 
the commencement of any experimentation, and a continuous 
log of all torch operating parameters are maintained to 
facilitate full analyses at a later time. The product gas 
chemical composition is monitored on a periodic basis with a 
Gas Chromatograph to ensure a good cross sectional reading 
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of the product gas quality. The product gas can be combusted 
in a burner directly from the gasification process, or it 
can be compressed and stored for future combustion. Excess 
product gas is flared on er;it. 

Environmental analyses will be conducted in accordance 
with the MSW gasification process flow diagram at Figure 3. 

CURRENT STUDY STATUS 

Activity to-date through the project concentrated on 
discussions with the Environmental Analyses firms to 
establish the desired procedure, scope and costing of the 
environmental analyses, and preparing the plasma research 
facility for the experimentation. Some delay was experienced 
due to changing conditions for the environmental analyses. 
The major changes to the facility entailed the addition of 
the capability to store the product gas for later use. Full 
results from the study should be available shortly. 

BENEFITS,' ADVANTAGES 

The success of this study to prove the environmental 
acceptability of the process, in conjunction with the 
operational characteristics of the plasma gasification of 
MSW previously developed through Stage 1, could be extremely 
beneficial for this application, coming at a time when new 
anti more environmentally acceptable solutions are sorely 
needed. This would not only open up a complete new 
application field for this emerging technology but it could 
be a significant boon to an ever increasing number of 
municipalities with existing city refuse problems. This 
vould not merely be another yay to get rid of MSW, but it 
could he a technological breakthrough with significant 
benefits. The major benefits from this process could be: 
- the standard output product of the plasma arc process 
is a producer gas which offers considerably more 
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flexibility for use than, for example, sites which only 

produce steam; 

plasma arc gasifiers can have substantially lower 

capital costs since they can integrate more fully into 

a potential owner's existing facility, as compared to 

sites which require integral steam boilers thereby 

increasing the cost of these sites by 25 to 30"; 

the output energy of the plasma arc gasifier, being a 

producer gas, can be stored for future use similar to 

natural gas, as compared to steam boiler installations 

where the energy is lost if it is not used virtually 

immediately; 

the operating temperature and the heat transfer rate of 

the plasma arc process can be variable, at will, 

therefore, the optimum operating temperature and rate 

of reaction can be achieved, varied and maintained to 

minimize undesirable output pollution products and 

maximize the energy recovered from the input materiel? 

the plasma arc gasification process does not depend on 

the combustion of any of the input materiel for the 

pyrolysis process, therefore, the quantity of output 

energy produced per unit of input materiel can be 

maximized ; 

plasma torches have the potential to deliver the heat 

of reaction much faster than conventional heat sources 

enabling the complete breakdown of the input materiel 

and the production of smaller molecules which are 

inherently less hazardous; 

the ability to process materiel at any rate from next 

to nothing up to the maximum capacity and still operate 

at the optimal operating point is a very desirable 

feature; 

the fact that the materiel enters into two chemical 

reactions, once during the pyrolysis process and once 

during the combustion process, before being exhausted 
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to the atmosphere ensures nimmizat ion of pollutants; 

- metallics and glass In the input materiel melt, thus 
substantially reducing the volume of the output slaq 
and alleviating problems with its disposal; and 

- there is a potential commercial market for the slag 
produced through plasma arc gasification of HSW thereby 
virtually eliminating the requirement for continued 
operation of controlled land fill sites for MSW- 

DISAPVAiVTAGE 

The primary disadvantage in this process is the 
operating costs associated with the high electrical 
consumption. This cost is somewhat offset by the higher 
volume of product gas generated and, in some cases it can be 
further alleviated by operation at lower power during peak 
hydro usage periods. For example, demand charges can be 
3054-90?; louer, depending on the hydro district, for 
operation between 8PM and 8AM and all day Saturday and 
Sunday, vhich potentially can be used to advantage. 
Cogeneration could also be very advantageous to offset the 
hydro operating costs. Initial assessment of cogeneration 
indicates that the full process could be virtually self 
sustaining . 

CONCLUSION 

The participants in this feasibility study remain very 
optimistic that the experimentation will be highly 
successful and the plasna gasification of Municipal Solid 
Waste will become a fact of the future. 



enclosures 

Figure i - comhkrctal system heat balance 

figure 2 - plasma research facility 

figure 3 - plasma gasification process with environ analyses 
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RESORPTION CANADA LIMITED 

MUNICIPAL SOLID WASTE YIELDS 



FIGURE 1 



■ COMMERCIAL SYSTEM HEAT BALANCE 
(FROM F&D RESULTS FEBRUARY 19B8) 




PROD GAS HV/ELECT I/P ■ 4.30:1 

EFFICIENCY = 72. 2% 

PROD GAS/MSW HV RATIO ■ 0.868 



REDUCTAGAS 
914.4 CuM - 10.021 MJ/NCuM 

9464 MJ / 3.972 MBTU 
33,333 CuFt - 268.95 BTU/SCF 




GAS ENTHALPY 

1219 MJ 
( 1 . 1 56 MBTU ) 



TORCH LOSSES 

362 MJ 
(0.343 MBTU) 



SLAG LOSSES VESSEL LOSSES OTHER LOSSES 

89 MJ 60 MJ 1910' MJ 

(0.085 MBTU) (0.057 MBTU) (1.S10 MBTU) 



FIGURE 2 - PLASMA RESEARCH FACILITY 




JLGF^ 



T.WF ^ 



I— CURRENT (AMPS) V— VOLTAGE (VOLTS) T— TEMPERATURE (DEGREES C) GF— GAS FLOW tSCFM) 
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NOTE: Product gas can be either stored at this point or routed directly to the burner 
for combustion depending on the analyses required. 
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DEVELOTSOT OT iXXFUl. AH) 0OBTKUCT1CW APPLICATICK QJWOJXS KR 

Maria Kelleher* and B. Hiiffln 
CE2H HILL EWHMEZRI1C LTD. 
MUsissauga, Oitario, L5H 1V9 

Jh^^^^ 1 developed for the classification of Indus- 
trial waste and by-product materials for backfill and construction 
applications. The effectiveness and reliability of these tentative 
guidelines were tested through a field program which examined the 
impact of blast furnace slag, fly ash and foundry sands on ground- 
water downstream of sites which contained relatively Urge volumes 
of each of these materials. The program Involved t hydrogeological 
investigation of each site, bulk chemical characterlzattorl ofthe 
material placed at the site, and acetic acid and distilled water 
leachate attraction procedures carried out on the material placed at 
each site. Groundwater both upstream and downstream of the site was 
anal™d. She purpose of the field study was to assess the extent 
to which results of the bulk chemical characterization and leachate 
tests are an indication of the impact of material placement on down- 
stream groundwater quality. Bulk chemical characterization pro- 
cedure results were compared to acceptable soil concentrations in 
Ontario, and values provided to the Deorolsslonlng Guidelines and 
wj^ £? ? raft Dred 6 a « «™> Lake* ill Guidelines? The acetic acid 
and distilled water leachate results were compared to leachate 
values presented in Draft Dredgate and LakefSl Guidelines and also 
in Regulation 309 and interim rEE guidelines for Inert material 
^rounowater quality values were compared to Ontario, D.S. and VBO 
surface water and drinking water quality objective* and alao to the 
groundwater reasonable use policy. ^^ 
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CP2 "INTEGRATED WASTE MANAGEMENT PLANNING 

IN ONTARIO - PROGRAM. PROCESS, AND PERSPECTIVES" 



Susan Clarke, P, Eng., Beverley Alder, 

Hans Mooi j » P. Eng. 

Waste Management Policy Section 

Waste Management Branch 

Ontario Ministry of the Environment 

Toronto, Ontario. 



In Ontario, any municipality with a landfill 
serving a population greater than 1,500 has to undertake 
an Environmental Assessment Study before it can expand 
the site or operate a new waste disposal facility- 
Legislation mandates that such a Study assess the net 
environmental effects of alternatives to waste disposal , 
as well as alternative means of waste disposal, to 
ensure that the best environmental waste management 
options are evaluated in terms of the needs and 
opportunities for the comrouni ties being served - 

Hecognizing the need to assist municipal 
governments in undertaking environmental impact 
assessments and proper waste management planning, the 
Ontario Ministry of the Environment initiated a Waste 
Management Master Plan funding program in 19S2. This 
introduced a formal, integrated and long-term planning 
approach to area waste management studies. 

Master Planning Studies, undertaken regionally or 
by groups of municipalities, are designed to develop 
comprehensive waste management plans through a staged 
evaluation of alternatives, based on a hierarchy of 
waste management options. Of primary importance is the 
need to reduce the volumes of waste requiring final 
disposal by integrating 3R's systems and solutions. 
Alternatives are evaluated based on technical merit as 
well as the effects on the environment, which is 
broadly defined to include the social, cultural, and 
economic as we 11 as natural environment . 

The Master Plan Studies identify and evaluate needs 
and opportunities for the grouped municipalities in 
terms of identifying reasonable system components, 
system options, and selection of facility sites, as well 
as identifying markets for recycled materials. Full 
public involvement in planning and decision-making is 
required. Completed Plans detail the selected system 
and sites, and present a blueprint for implementation 
administration and financial management of the Plan. 
Formal approval is sought for all or part of the 
preferred system, in accordance with a provincial 
approvals process which may include a full public 
hear ing - 
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OiARACHJCrZAT I CM OF THE FECAL DfUCKKK BHCTERIAL FLORA OF 

SAHTDUW SBWX WITH AFPLICWTCW TO J1MJTTFYING THE IWSFM3'. 

OF SANITARY HASTE IN STOW SEWERS 



P.L. Seyfriect*, E. Bauer, I Huh, S. Shibata, 
E. Hani, R. Harmandayan and T. Bleier 

Department of Microbiology, FitzGerald Building 

University of Toronto, Toronto, Ontario 

K5S 1A8 

Storm sewers are designed to channel untreated storn water into surface 
waters. An unusually high dry weather flow of storm sewage along with 
high fecal conform counts indicate that there may be potentially 
hazardous sanitary connections in the storm sewer line. The objective of 
this study was to assp-yi the use of bacterial indicators to trace illegal 
sanitary connections to storm sewers. The indicators selects] for study 
were Escherichia coll . fecal coliforms, fecal streptococci, enterococci, 
rseudcffionas aeruginosa, Clostridium perf rimers . and Bifidobacteriu m sp. 
The organisms were collected from specific sites in sanitary sewer lines, 
and from priority and nonpriority storm sewers during periods of wet and 
dry weather as well as from surface water runoff. The bacterial isolates 
were subjected to biochemical testing, serotyping and genotyping. The 
results showed that Streptococcus casseliflavus was primarily recovered 
from surface runoff and nonpriority storm sewers. On the other hand, 
higher concentrations of bifidobacteria were isolated from sanitary and 
high priority storm sewage than from nonpriority storm water. These data 
suggest that a ratio of Bifidobacterium to £. casseliflavus counts may be 
used to trace the location of human and/or animal fecal wastes. 
Additional field studies are needed to confirm the applicability of these 
ratios. 
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The Toronto Area Watershed Management Study was initiated in 1981 to 
better define the water quality at Toronto Beaches and in the Black Creek, 
Humber and Don Rivers. Particular emphasis was placed on urban areas of 
Metropolitan Toronto, especially on point pollution inputs, because of the high 
levels of fecal indicator bacteria that were found in storm sewages. 
Subsequent studies were initiated in the fall of 1982 to assess the 
contribution of pollution loading by the storm sewers and to trace the source 
of pollution in the storm sewer lines. 

The Ministry of the Environment designated storm sewer outfalls 
discharging more than 1 1/sec. during dry weather periods are! exhibiting fecal 
coliforai densities of greater than 10,000 FC/100 mL as high priority. Efforts 
were made to identify and eliminate the source of the fecal pollution in these 
sewage lines but pinpointing the original source of pollution was difficult 
because specific bacterial indicators of human fecal waste were not available. 
To reduce fecal contamination in storm sewers detection methods that can locate 
fecal inputs and differentiate between human and nonhuraan sources of pollution 
are required. 

Traditionally, Escherichia col i and fecal conforms have been used as the 
indicators of fecal pollution in storm waters and surface waters but, due to 
their wide distribution in both human and animal feces, they are not acceptable 
as an indicator of strictly human input. 

Hossel (1958) was the first to propose bifidobacteria as potential 
indicators of fecal contamination. More recently, a number of authors 
(Buchanan and Gibbons, 1974; levin, 1977; Cabelli, 1979; Resnick and Levin, 
1981) have suggested that bifidobacteria could he used to distinguish between 
human and animal fecal pollution. However, the usefulness of bifidobacteria as 
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a specific indicator of human fecal pollution nay be limited due to the short 
survival of the organism in the extra-intestinal environment (Resnick and 
levin, 1981; Oragui, 1982). Before bifidobacteria can be used as an indicator 
of recent human fecal contamination in the Toronto area, their survival in the 
environment and their ability to satisfy the parameters of a good indicator 
must be investigated. 

The purpose of this study was to characterize the bacterial populations 
found in urban storm and sanitary wastes in an attempt to develop a methodology 
for the detection of human fecal wastes in storm sewer lines. The information 
presented in this report constitutes additional data not published in the 1987 
or 19B8 Technology Transfer Conference Proceedings (Seyfried et al. 1987; 
Seyfried et al. 1988) . 

METHODS 



Table 1 and Figure 1 indicate the sites surveyed in the Mount Steven 
Trunk storm sewer line. Locations A, B and C were sampled because this area 
was designated a high priority sewer by the Ministry of the Environment. The 
nonpriority sitae, selected for comparison, were X, ¥ and Z in the Mount Steven 
Trunk storm sewer branch lines. During periods of wet weather, storm water 
run-off was also collected at the X, ¥ and Z sites. These samples were 
labelled R, G and Q, respectively. Samples D, E and F were obtained from a 
sanitary sewer in close proximity to the priority storm sewer sampling points. 
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During periods of dry weather, triplicate samples were collected from each 
sampling point in the sewers over a four-day period. The dry weather samples 
were obtained in October, 1986; June, 1987; August, 1987; June, 1938; and 
August, 1988, Wet weather sanples were collected from the sewers and the 
street run-off during rainy days in July, September and October, 1987. 

The samples were collected in sterile glass containers, transported to the 
laboratory on ice, and processed within 6 hours of collection. 

Fecal specimens from both humans and animals were also obtained. 

Bacterial Isolati on and Enumeration 

Analysis of the samples for indicator bacteria was by membrane filtration 
of appropriate dilutions of the samples through Gelman GN6 47 ran cellulose 
nitrate filters with a pore size of 0.45 urn (Standard Methods, 1985) . The 
filters were planted on media appropriate for the recovery of the various 
indicator bacteria. 

Fecal col i form bacterial densities were determined by planting the filters 
on m-TBC agar (Oufour et al . 1981) and incubating for 23 + 1 hours at 44.5 ± 
0.5" C. Both target and non-target colonies were counted. Target colonies 
were yellow, yellow-green and yellow-brown; non-target colonies were blue to 
blue-green in colour. To ensure the accuracy of the counts, only results 
obtained from filters with target counts of between 10 and 100 colonies were 
used to calculate the bacterial density per 100 mL of water sample . 

A second step for the determination of Ei cqj,j by urease treatnent (Dufour 
and Cabelli, 1975) was incorporated into the m-TEC procedure. Filters with 
appropriate target ocunts (i.e. between 10 and 100 target colonies) were 
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removed from the m-TEC plates and placed on filter pads soaked in a urea phenol 
its! solution (Dufour and Cabelli, 1975). The filters remained in contact with 
the filter pad for 15 min to allow for deaminization by non-E. coli colifbrm 
bacteria processing urease. A second count of all urease negative colonies 
(all yellow, yellow-green and yellow-brown colonies) was taken. 

Fecal streptococci determinations were made by planting the filters on a- 
Errterococcus agar (Difco) (AHfA, 1985) . The medium was incubated for 48 hr at 
35' C and a count of all pink to purple target colonies taken. Upper and 
lower counting limits of 10 to 150 target organisms were applied to the 
reported results. 

Enterococci were recovered on m-ME agar (AH1A, 1985) which also contains 
irtdoxyl-B-O-glueoside (IG) . The m-ME plates were incubated for 48 hr at 41.5 + 
0.5' C. The incubation time was modified from the original 24 hr suggested by 
Dufour as it allowed for a slight increase in recovery of target organisms. 
The addition of IG to the medium facilitates differentiation of the B-D- 
glucosidase enterococci from other fecal streptococci. Both target and non- 
target colonies were enumerated. Target colonies on m-ME were purple, white- 
blue to dark blue with blue haloes from degradation of the IG. Non-targets 
were pink to maroon non-haloed colonies. Oounting range limits of 10 and 150 
were also applied to these results. 

Pseudomonas aeruginosa densities were determined using o-PA agar (AWA, 
1985). live medium was incubated at 41.5 + 0.5" C for 48 hr and a count of all 
flat spreading brownish-green or tan colonies obtained. tipper and lower 
counting limits of 10 and 160 were applied bo the results. 

Bifidobacterium spp. were isolated on the KN-j.7 medium described by Mara 
and Oragui (1983). Target bifidobacteria colonies appear dark blue to black. 
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Greenish coloured colonies were not counted; however, to ensure that all 
bifidobacteria were enumerated, crystal violet stains Mere made of colonies 
that had a different size or colour. Adjustments to the counts were made if 
necessary. 

three other madia, Mffl (Tanaka and Mutai, 1980), MRS (Oxoid), and HBSft 
(Mara and Oragui, 1983) were used for csoparative recovery studies. 

Clostridium uerfringens was isolated using a medium originally developed 
by Bisson and Cabelli (1979) and modified by the Ministry of the &ivircraent 
Southeastern Region Laboratory (m-CPZ) (M.O.E., 1986). The samples were 
pretreatfid at 70* C for 15 or 30 ndn to destroy the vegetative cells. 
Appropriate volumes of the sauries were passed through menbrane filters and the 
filters were placed on m-CP2 plates. The plates were then incubated 
anaerobically at 37- c for 48 hr. Target colonies appear yellow with a large 
black centre which can extend fairly close to the circumference; the colonies 
do not possess a blue halo. Non-target colonies have a blue halo and they can 
be yellow or yellow with a black centre. 

Bifidobacteria and E. ooli Survival Butt— 

The 50 nL dialysis membrane diffusion chambers used in the study were 
designed by McFeters and Stuart (1972). The 48 hr broth cultures of E* seLL 
^ breve , and fi. bifjduB as well as the fecal and sewage isolates of 
bifidobacteria were centrifuged and washed three times in gelatin phosphate 
buffer. Following resuspension and dilution, the bacteria were suspended in 
sterile L. Ontario water and added to the chambers. The chambers were then 
immersed in a glass tank containing L. Ontario water at room temperature. 
Disposable 10 mL luer-lock syringes were used to collect the bacterial samples 
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« 2, 5, 12, 24 -18 and li. nx. Bacterial -icnsities were Enumerated ry 
appropr lately diluting, mraitorane filtering and planting the filters an XJM.7 
and nWTEC media. All sanples were analyzed in triplicate. 

RtSUiaB AND D1HOESIOH 

E numeration of Fecal Indi cator Bacteria .in. Sewers 

The comparative levels of fecal conforms (PC), Escherichia colj (EC), 
fecal streptococci (FS) and Pseudcmorias aertninosa in stone and sanitary 
sewage .luring dry weather are shown m Figs. 2 and 3. The three sites (A, B 
and C) in the high priority storm sewer had FC geometric mean concentrations 
ranging Iron 1Q 3 to lo 4 with an BC range of 10 2 to 10 3 . It should be noted 
that FC and EC concentrations of this magnitude are suspiciously high for storm 
water and suggest an input of sanitary waste contanu nation. The densities of 
FS were in a slightly lower range and P. aeruginosa levels were low ir. 
comparison with the other bacterial indicators. 

As would be expected, the FC, EC and FS concentrations in sanitary sewage 
were approximately an order of magnitude higher than the levels observed in 
storm sewers. The Ei aeruginosa count was observed to be around lu^ per ino mL 
in the sanitary sewers; this was considerably higher than the 10* counts 
observed in storm sewers. 

During a dry weather survey the following year (Figs. 4 and 5), conparable 
results were obtained for FC and EC densities. As may be seer, in Fig. 4 the 
observed counts were higher at points A and B, the suspected site cf 
contamination in the storm sewer. Analysis of Bit idobat--terium and Clos tridium 
per fri-ngens levels in storm and sanitary sewage produced interesting results. 
As was observed for the FC and EC determinations the bifidobacteria counts were 
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highest at sites A and B in the storm sewer and dropped off at point C. 
Clostridium perfrinoans levels, on the other hand, increased rather than 
decrease at point C. This might be expected since, rather than dying off, £. 
perfrinaens spores have a tendency to build ip and accunulate in the system. 
Because C perfrinaens is present in high densities in human and animal feces 
levels in the sanitary sewage were in trie 10 4 range compared with 10 2 densities 
in storm sewage. 

The aforementioned enumeration results show that levels of all the 
bacterial indicators demonstrate that there is fecal input in the storm sewer 
line. Bifidobacteria and £, aeruginosa appear to have potential as indicators 
of a human source of contamination. Because £, perfrinaens produces spores 
that remain in the system, this organism is not effective as a point-of-impact 
indicator. 

Selective Hedia for the Recovery of Bifidobacteria 

Four media, HW, MBS, VN-17 and HBSA, were used to recover bifidobacteria 
from sewage and fecal samples. The results showed that the MRS medium was 
often highly contaminated with streptococci and lactobacilli. YH-17 and MTN, 
on the other hand, were equally selective for bifidobacteria with less than 3% 
contamination by fecal streptococci. However, MEW required an incubation time 
of 48 hr before visible growth occurred, whereas the incubation time required 
for VJI-17 was 24 hr. 

There were discrepancies between the findings of this study and those of 
Hara and Oragui (1983) with respect to the YJt-17 medium. Mara and Oragui found 
flat, non-nucoid colonies measuring 2 to 4 mm and dark green in colour to be 
background streptococci. They distinguished domed, mucoid colonies measuring 1 
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to 2 la and pale green with a pale green periphery as being bifidobacteria. 

This study showed the apposite to be true. The smaller, dark green or blue 
flatter colonies were identified as bifidobacteria and those exhibiting a pale 
green periphery were contaminating streptococci or a mixture of bifidobacteria 
and streptococci. Any colonies pale green in colour that did not contain a 
darker centre were found to be streptococci. 

The HBSA medium could be used to isolate sorbitol-ferraenting species of 
bifidobacteria but, once again, there was a problen with contaminating 
streptococci . In comparison, the VN-17 medium yielded higher concentrations of 
the organism and isolated a broader spectrum of different species of 
bifidobacteria than did HBSA. 

Bifidobacteria were isolated from fecal specimens in concentrations 10 to 
100 times greater than £. cpH. However, in sewage sanpies the counts of 
Bifidobacterium were lower than those of £, ooli . This could be due to a 
dilution effect and also to the fact that species of Bifionhafterium tend to 
die off at a faster rate in the environment (Oragui, 1982) . 

Speciation of Bifidobacteria 

when the Bifidobacterium isolates were speciated it was found that a wider 
variety of bifidobacteria species were recovered from sewage samples than from 
fecal samples (Fig. 6) . The predominant species in human feces and sewage were 
the sorbitol-fermenting B. adolescent is and B. breve . As indicated in Fig. 6 
Ei breve was isolated from cat fecal samples tut none of the cat isolates were 
found to be sorbitol-fermenting. Kara and Oragui (1983) have proposed that 
sorbitol-ferraenting bifidobacteria be used as indicators of hwian fecal 
pollution. Because, as cited earlier (Seyfried et al . 1988), we have been able 
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to isolate B. adolescentis from dogs and IJ. breve from chicken feces this 
approach should be viewed with caution. 

tUi I gbacterium Survival 

The advantages of using bifidobacteria as fecal indicator bacteria are 
that they exist in high numbers in both feces and fecally contaminated 
environments. Furthermore, they supposedly do not multiply outside the body. 
The limitations associated with the use of bifidobacteria as a specific 
indicator of human fecal pollution relate to the organism's short survival time 
outside the intestine (Resnick and Levin, 1981; Oragui, 1982). Previous 
survival studies have shown bifidobacteria to die off more rapidly than E_. coli 
upon exposure to environmental waters (Carillo, Estrada and Hazen, 1985) . 
Because too rapid a decline of bifidobacteria in the aquatic environment and 
subsequent indetectability could isiake the organism a poor indicator of fecal 
contamination this study compared the in vitro survival characteristics of 
bifidobacteria and £. coli using the dialysis membrane filter chambers devised 
by McFeters and Stuart (1972). Pure cultures of JU breve and IL. bifidum as 
well as fecal and sewage isolates of bifidobacteria were studied. The 
comparative survival rates of fi* breve and Ei opjj in Lake Ontario water at 
temperatures of 21 to 23* C are depicted in Fig. 7. In all cases the 
bifidobacteria cultures appeared to parallel the die-off trends in £. coli 
during the initial five hour period; thereafter, bifidobacteria began to show a 
slightly more rapid decline. The Bifidobacterium isolates died off within 
24 hr of exposure to L. Ontario water whereas £. coli persisted for 48 hr. 
Dilution of nutrients and exposure of the pure culture to any toxic chemicals 
present in the water may have had an impact on the survival of the organisms. 
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The more rapid decline of the anaerobic bifidobacteria in comparison with the 
aerobic Ej coli may be accounted for by oxygen diffusion into the chamber. The 
propensity of the bifidobacteria to be present in feces and to die off rapidly 
in the environment make them good indicators of recent fecal pollution. 
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EVALUATION OF INDOXVL-B-D-GLUCURONIDE AS A CHROMOGENTC REAGENT 
FOR THE SPECIFIC DETECTION AND ENUMERATION OF ESCHERICHIA £QLJ. IN 
ENVIRONMENTAL SAMPLES. A.N. Ley*, D. Fredenburgh, N. Rickey, K. 
Stovel, and M. Taylor, Ontario Ministry of the Environment, 
133 Dalton Ave., Kingston, Ontario, K7L 1X6, and R.J. Bowers and 
S. Wolfe, Department of Chemistry, Queen's University, Kingston, 
Ontario, K7L 3N6. 

The safety of water for drinking and recreational use is 
determined by testing for indicator organisms known as total and 
fecal coliform bacteria (Anonymous 19B5). The traditional 
objective has not been to search for specific pathogens (a time- 
consuming, unreliable and costly procedure), but to test for the 
presence of harmless fecal bacteria that are always associated 
with enteric pathogens such as Salmonella and Clostridiua 
species. Total and fecal coliforms are easily detected and 
quantified in water (Geldreich 1978). 

The total coliforms are a closely related group of bacteria 
that include species belonging to Escherichia . Klebsiella . 
Enterobacter. Citrobacter . Serratia and Hafflia. With the 
exception of Escherichi a call, the total conform bacteria are 
commonly associated with soil, vegetation, pulp wastes and 
sediments and are rarely found in high numbers in feces. E.coli ■ 
on the other hand, occurs as a natural inhabitant in the 
intestines of humans and animals and is seldom found in pristine 
environments (Dufour 1977). 

Because of the diverse origin of total coliforms the fecal 
coliform test was developed to more readily identify E.coli as an 
indicator of sewage and fecal pollution. In addition to detecting 
E.coli . however, the fecal coliform procedure recovers 
Klebsiella. Enterobacter and Citrobacter as fecal coliforms. 

Recently, a considerable amount of attention has been 
focused on developing rapid tests that are specific for the 
identification of E.coli . Kilian and Bulow (1976, 1979) showed 
that para-nitrophenyl-B-D-glucuronide, a chromogenic substrate 
for the enzyme, B-glucuronidase, provided a simple and rapid 
method for the detection of E.coli . Similarly, Feng and Hartman 
(1982), demonstrated that 4-methyl-umbelliferyl-B-D-glucuronide, 
a fluorogenic, glucuronidase substrate, provided a rapid, one- 
step method for the detection and enumeration of E.coli . 

These procedures, however, have a number of limitations. 
Para-nitrophenyl and 4-methylumbelliferone are released by 
enzymatic hydrolysis from the corresponding glucuronides as 
reaction products. The diffusion of para-nitrophenyl prevents the 
identification of discrete bacterial colonies (Kilian fit aij. 
1979, Ley e_fc al ■ 1988). The detection of 4-methylumbellif erone by 
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fluorescent light is subject to interference on membrane filters 
(Farber 1986). 

This presentation reviews the recent studies and current 
work on the use of the novel chromogenic chemical, indoxyl-B-D- 
glueuronide (IBDG), as a selective reagent for the specific 
detection and enumeration of E.coli in environmental samples. 
IBDG was evaluated as a reagent for the detection of E.coli by 
membrane filtration in environmental samples by Ley et al. 
(1988). The assessment of IBDG as a substrate for the rapid 
detection of E.coli in urine was reported recently by Del isle ei 
fli^. (1989). 

Slide 1. 

The structure of indoxyl-B-D-glucuronide (IBDG) consists of 
an indoxyl aglycone moiety, attached in the B configuration to 
the C-l anomeric carbon of glucuronic acid. Enzyaatic hydrolysis 
of IBDG by E.coli B-glucuronidase liberates indoxyl and 
glucuronic acid. In the presence of oxygen (air), indoxyl rapidly 
oxidizes and combines to form water-insoluble indigo. 

This is the first time that IBDG has been synthesized. The 
total synthesis of the molecule has been accomplished by Dr. Ray 
Bowers and Professor Saul Wolfe, Department of Chemistry, Queen's 
University, Kingston, Ontario. 

Slide 2. 

The analysis of raw sewage was compared by membrane 
filtration using a standard fecal coliform test (mTEC medium) and 
mTEC-IBDG agar medium (Ley et al. 1988). Dilutions of 10" and 10"' 
ml of sewage were filtered through 0.45 micron membrane filters 
and the filters incubated on nTEC and mTEC-IBDG media, at 45 "C 
for 20 h. Fecal coliforms produced yellow-brown colonies on mTEC 
medium and E.coli developed as blue colonies on mTEC-IBDG medium. 
API 20E test strips [Analytab Products) were used to identify the 
isolates examined. 

Slide 3. 

This slide shows the growth of E.coli at 45 "C on EC agar 
medium supplemented with IBDG (0.8 g/L). The organisms were 
isolated directly from raw sewage. 

Slide 4. 

IBDG can be used to recover E.coli at 35 "C, the temperature 
used for the total coliform test. Blue colonies are easily 
counted in the presence of non-target background growth on EC- 
IBDG medium. 

Slide 5. 

E.coli streaked directly on the surface of EC-IBDG medium 
and incubated at 35 °C grow as well defined dark blue colonies. 
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Slide 6. 

The colony growth of L_Eflli at 35 °C on lauryl sulphate agar 
supplemented with IBDG (0.8 g/L) is markedly more diffuse 
compared to growth observed on EC-IBDG medium. 

Slide 7. 

WacConkey agar supplemented with IBDG (0.B <J/L), provides a 
medium for the rapid differentiation of E^££l± from other lactose 
positive, B-glucuronidase negative members of the 
Enteroba cter iaceae family (Delisle et al ■ 1989). Glucuronidase 
positive E.coli developed as dark blue colonies after 18 h at 35 
"C on MacConkey-IBDG agar. Enterobacter aeroaenes and 
pnterobacter cloacae grow as dark red colonies on this medium. 

The results of the direct screening of Lake Ontario and 
stormwater samples with mTEC-IBDG (0.8 g/L, sodium salt) are 
shown in Table 1. Representative blue and colourless colonies 
were isolated from individual membrane filters. The bacteria 
examined were recovered from approximately 10% of the 1600 
samples collected. From a total of 206 gram negative isolates, 
there were 96 true positives, identified correctly as E.coli. 
Five false negatives, colourless E.coli colonies were detected. 
These results indicate a sensitivity of 95%. Out of a total of 
105 negatives, 98 were true negatives I non-E.coli) ■ and seven 
were false positives (blue colonies), giving a specificity of 
93.3%. 

The results of this study with mTEC-IBDG, indicate that this 
medium has a sensitivity and specificity of 95.0% and 93,3%, 
respectively, for Escherichia cfflii isolated from Lake Ontario and 
stormwater samples. 



TABLE 1. B-glucuronidase activity on mTEC-IBDG agar medium 
Organism 



No . tested 


No. IBDG 


(n - 206) 


positive 


101 


96 


5 


3 


38 





s 





2 8 


t ; 


1 





5 





9 





S 


P 


2 


1 


. 


2 


1 





1 


1 



Escherichia Cflli 
citrobacter freundii 
Klebsiella pneumoniae 
Klebsiella oxvtoea 
Enterobacter cloacae 
Enterobacter aggioae ra ns 

Plesiomonas shigellpid.es 

Serratia SfifU 

Hafnia ss^u 

Kluvvera sbBjl. 

Acinetobacter calcoacetieus 

Flavobac teriura £Ej. 



'Blue colonies were recorded as positive. 



205 



REFERENCES 

Anonymous. 1985. Standard methods for the examination of water 
and waste water. 16th ed. American Public Health Association, 

Washington, D.C. 

Oeiisle, G.J. and Ley, A. 19S9. Rapid detection of Escherichia 
soli in urine samples by a new chroniogenic B-glucuronidase assay. 
J. Clin. Microbiol. 22:778-779. 

Dufour, A. P. 1977. E scherichia fiaii: the fecal coliform. In 
Bacterial indicators/health hazards associated with water. Edited 
fcv. A.W. Hoadley and B.J. Dutka. American Society for Testing and 
Materials, Philadelphia, P. A. pp 48-49. 

Farber, J.M. 1986. Potential use of membrane filters and a 
fluorogenic reagent-based solid medium for the enumeration of 
Es cherichia calx in foods. Can, Inst. Food Sci. Technol. 
12:34-37. 

Feng, P.C.S. and Hartman, P. A. 1982. Fluorogenic assays for 
immediate confirmation of Escherichia cflii. Appl. Environ. 
Microbiol. 42:1320-1329. 

Geldreich, E.E. 1978. Bacterial populations and indicator 
concepts in feces, sewage, storm water and solid wastes. In 
Indicators of viruses in water and food. Edited by. G. Berg. Ann 
Arbor Science Publishers, Inc., Ann Arbor, MI. pp 51-97. 

Ley, A.N., Bowers, R.J., and Wolfe, S. 1988. Indoxyl-B-D- 
glucuronide, a novel chroniogenic reagent for the specific 
detection and enumeration of Escherichia caXX in environmental 
samples. Can. J. Microbiol. 34:690-693. 



D3 

r'Ki hwv! 'iin i" 'MiWAM'in \ii ri -' hiTHin :m anii h'l.irimA^mKNOIS.a b I Til 10 

I11KMI W* '.'I ' ! HI Ml - STANDAKUS IN l!nV!Nt>NMI\NTAI, ANALYSIS 

mwv ami v s ihim.' 

IlKMAHTMKNT III' l-Ulml-. tjv , VI1KK IWIVKRHITV 
III" Kl I J mm NIINUI VI1KK. (INTANIll Mn.l KM 

iiini.-i reduclm' rnwiitimix riurlna the rnnhust inn «! nrireleiia. rosl and 
other fuels pnlvrvrlir amaatle hydrocarbon* U'AH I are Mong t hi- principal 
Innirmhir I n Under t hi- saw rntiditlona fuel hound suiriir herouos Incur 
pornteri t r> i ■ ■ xlabin rhJopheno randenaed sroaatfc den vat ives Sulfur 
""'•i'"" n» mrctnorcnie PAH"* have been shown to exhibit levels of 
aura? ■ activity comparable ttlth their PAH isostore* 

i vcloprntene fused PAH's snrh hs eve I openta I r .d Ipyrcne nave been found 
ta br roaaon i'mv I nmnenta I contMfnanta and show levels uf autapnntr and 
cart-lnneenir artivflv lhat art* rnaparsblo Kith those »r benzol a Ipyrene . 

!ti contrast in the narhoryrl 1 1- avuteaa relatively little la known ahnui 

the blol .' 'irnuert lea uf miliar heterocyclic analog* m mtitiijti-nie anil 

earrlnummli- I'AH's priaarllv .Im- to Um laok uf standards We have de- 
veloped n acthnd Involvlno, rye iiituiiaiionea aa the ki-v inieraedlate ror the 
svmheaiK uf iiwl ryrlapenTcne I u*rd polyene arnant Ic ihlnphrncs The 
svnthot ir details ul Klnorantbeool 1 .2 blthlopnene and PluoranUua»l3.Z- 
hlthlophene will br described 

The key »m i f-wifl i is i- hi the synthesis was I hi- f lunri-ny) idene ketone 
eve i midline t ul l •■ dihvdroiiiiDuln-iie The eve I "hul annni- possessing a 

- ■ ■ ■■ it'.i'ei- stun ii/iue prouo at i: :; underwent ret- uisolnet ive S rinp 
rtiM-oiiie under iti-ldie condition* followed liv drhyd) oeenai ton w'th 2 ■'. 
dti'vattn o.»h dlrhluro :n-!i/niio iMonr Hunt) in pive JMimrant lienol a" ,2 h|thi<»phenc 



207 



winch exhibited ;i uv/visible spectrum very similar to that, of 
hrrtKoi b |f luoranthone. The preparation of Fluorantheno] 1 , £-h | th iuphi-fie Has 
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phosyhoric aeid 1 1) give dJhydroth i nphene Then DIHJ was applied for dehydro- 
iwhiitton 1 1> produce the desired linear fused thiophene which exhibited a 
uv-' visible IpKtrtn very *1ni. tar to benzol a \f looraothene. 
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FLOW INJECTION PRECONCENTRATION/DIRECT 

SAMPLE INSERTION FOR TRACE ANALYSIS BY 

ICP-AES AND ICP-MS 

P. Moss* and E.D. Salin, Department of Chemistry, McGill 
University, 801 Slierbrookc St. W,, Montreal Quebec, Canada 
H3A 2K6 



INTHODUCTION 

It should be possible lo improve !he analysis of trace elements by ICP-AES and 
ICP-MS In several matrices by a combination of (low Injection analysis fFSA) and a direct 
sample Insertion [DSH Introduction system. The F1A system allows for sample 
pretreatmenl (Including the removal of interferons] and preconcenlrailon of the 
elements of Interest, This results in high sample throughput, reduction of matrix 
effects and lower detection limits. DSI provides two Important advantages; [1] higher 
signal levels (better detection limits) and (21 lime resolution of various elemental species 
(reduction of matrix effects). 
Preconcentration chemistries 

Ion-exchange preconcentration has proven to be useful for increasing the 
sensitivity of trace metal analyses as well as reducing matrix Interferences. Riley and 
Taylor ( 11 first used Chelex- 100 In 1 96S for the analysis of seawaler as did Kingston et 
al. (2) In 1978 In a column mode. The flexibility of Chelex- 100 was demonstrated by 
Marino and Ingle (3) hi tile removal of Interferents for the analysis of cobalt and by 
Jones et al. (4) In their analysis of plant and animal tissues. 

The first demonstration of the use of microcolumns of Chelex- 100 In a Bow 
Injection system was by Olsen et al. (51 for the analysis of heavy metals in polluted 
seawaler In 19S3. The most detailed method which uses flow injection analysis, with 
an on-line Chelex- 100 column, as a sample Introduction system for ICP-AES Is that 
developed and then optimized by Hartenstetn et al. (6,7). 

There have been several alternatives to Chelex- 100 with add elution proposed 
recently. Uu and Ingle (8) have tried other complexing agents as stripping reagents for 
the Chelex- 100 to avoid swelling problems associated with Ms use. The choice of 
complexing agent must meet two criteria; [II they must form stronger complexes or 
chelates with the metals than the Chelex- 100 and (2) the complex must be formed 
rapidly In order to be effective in the time frame of an FIA system. 
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A novel approach lo preconceiitratlon which has recently been Introduced by 
Ruzlcka (9) Is one that combines column operation with solvent extraction principles. 
Instead of using an organic solvent for extraction of the metal, a hydrophobic sorbent In 
a column. In this case C- 18 on silica. Is employed. A metal chelate is first formed by 
reacting the metal with a suitable chelating agent such as dlethyldlthlocarbamlc acid 
(DDC). 8-hydroxyqulnollne. pyridylazonaphthol (PAN) or 4-(2-PyridylaK>lresorclno! 
(PARI. The metal chelate Is then Introduced to the column where It will be adsorbed 
onto the hydrophobic surface of the column material. The preeoncentrated chelate can 
then be eluted Into a small volume of methanol or other water mlsclble organic solvent 
and introduced into a suitable detection system. 

A flow Injection system has been developed in our laboratory based on a Lachat 
injection valve. The configuration of the system was altered, le different columns, 
connections and sample solutions to test each of the three main types of 
preconeentratlon chemistries presented above. Software has been developed to allow 
computer control of the pumps and valves with the necessary flexibility to allow easy 
changeover of methodologies. An automated system will provide the precise Quid 
contra! necessary for an effective interface to the DSID. 
DSID /ETV systems 

There are several direct sample insertion devices available for use In conjunction 
with liquid samples. These Include graphite electrodes of varying dimensions and 
designs (10) Including most recently thin walled cups that use Inductive heating (111. 
Wire loops, of either tungsten or tantalum have also been used as sample supports with 
a detection limit Improvement on the order of 10 (12.13). As an alternative lo DSID, 
several investigators have proposed using external electrothermal vaporization (ETV) of 
the sample before Introduction into the 1CP 114,15). 

The Interface problem involves the drying of fairly large sample volumes [approx. 
100 uL) that are eluted from the FIA system. This necessitates external drying as 
opposed to the drying under the plasma that has been used before (12,131. Several 
drying schemes have been developed for the various devices available and will be 
presented here along with preliminary detection limits achieved using a graphite 
Insertion probe. 
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EXPERIMENTAL 

FLA System 

The FIA system was developed using a Lachat dual Injection valve, which 
Included two standard Six- port valves, several peristaltic pumps (Mtnlpuls and Alltea 
C4-V and C6V) and Micro-Line tubing of the appropriate diameter 
I0.51rnm/0.76mrn/1.5rnm l.d.) which was used for all connections. The other details of 
the manifolds are given below, A THERMO JARRELL- ASH ICAP 61 direct reading 
spectrometer was used as the deteclor in all cases. The parameters used for the 
analyses are as follows: 

Torch Ar flow: 19 L/mln 

Sample gas flow : 1 l/mln 1120 psl on regulator) 

Auxiliary Dow: 0.7 L/mln 

Forward power: 1 . 5 kW 

Nebulizer: Legere »4 with spray chamber and baffle. 

Chelex- 10 with acid elutlon 

The Chelex- 100 ( 100-200 mesh) was placed by syringe Into a microcolumn (2.3 
mm Id. 20 cm In length) made of tygon tubing similar to that used by Hartensteln et al 
(6). The Chelex- 100 was Orel changed to Its NH 4 + form by the method suggested by 
Marino and Ingle (3). The Lachat valve was used tn the FIA manifold to load a specified 
sample volume 1 1 .0 mL and 5.0 mL) onto the Chelex- 100 column. A Gtlson Mlnlputs 
pump was used for the buffer (0.5 M ammonium acetate pH = 9.0) flow at a flow rate of 
2.0 mL/mln. The sample, 1.0 ppm Cu. Cd and Zn. that was loaded into the sample 
loop and the add used Tor elulion (2.0 M HN0 3 ) were delivered by the Alltea C6-V 
pump. In this experiment the sample Is loaded onto the Chelex! 00 column tn one 
direction and eluted off In the other in order to overcome some of the swelling problems 
of the Chelex. The column was first conditioned by alternately running acid and buffer 
through it. The sample was loaded Into the sample loop during this time. The sample 
was then loaded onto the column. The sample was then eluted with acid and nebulized 
Into the ICP. 
Sorbent Extraction 

The column used Is available commercially and contains 100 mg of C 1 8 
attached to silica particles packed Into a column of 5 mm Id and 6.5 mm long.lBond- 
Elut C-18 Analytichem International). The sample solution used was I ppm Cu and Pb 
(prepared as above). Various organic solvents were used as eluants Including ethanol, 
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methanol and lsopropanol. The column Is first treated with the appropriate organic 
solvent to activate It- The sample Is Injected by the (Irsi valve and reacted with either a 
reagent stream of 0.05% Na(DDC] or a saturated solution of 8-hydroxyqulnollne In 
O.OIM HAC/0.02M NH 4 OH. 

The samples were collected, after the Injection of the eluant. In 1.0 mL allquots 
and then diluted to 5.0 mL with distilled water so as to present the ICP with a 20 % 
solution of the organic solvent. H Is difficult to maintain the plasma while aspirating 
undiluted organic solvent. A breakthrough sample was also collected as the sample 
was reacted with the chelator and passed onto the C- IS column. Solutions of the 
original 1 ppm Cu and Pb samples were prepared in the appropriate organic solvent to 
give a signal for the samples before treatment by KIA. 
Chelex-100 Without Acid Elutlon 

Altex mlerobore glass columns (3mm Id x 50 mm) supplied by Beckman were 
filled with 100-200 me3h Chelex 100 In the NH 4 + form. Two different chemistries were 
Investigated using the Indicated manifold. The first experiment studied the 
effectiveness of EDTA as the stripping reagent. The list of reagents required for this run 
are as follows: 

The carrier (C( = 5 x 10-3 M NH 4 Ac/1.7 x 10-3 M HAc at pH - 5.2 

The stripping reagent (SR) = 0.025 M EDTA at pH = 8-9 

The resin regeneration (NH40H) = 2 M NH 4 OH (NH 3 .H 2 Ot 

Sample solution: 200 ug/L Cd and Pb. 
L-cystetne was also tested using: 

C = same as above 

SR = 0.01 M L(+] cysteine hydrochloride In 0.5 M at pH = 9.2 

NH40H - same as above 

Sample solution: 200 ug/L of Cu 
The analytical grade chemicals for the reagents are all provided by the Aldrlch 
Chemical Co. Appropriate dilutions of the Fisher-Scientific 1000 ppm stock solutions In 
0.01M HN0 3 were used to make the sample solutions. 

ons 

To date, an undercut graphite electrode. SPEX 4002. of a 4 rnin cup diameter 
has been used as an Insertion probe. It was able to accomodate a 100 uL sample 
volume, this Is on the order Df that expected to be delivered from the FTA system after 
preconccntration. The samples were dried in a brass holder on a hot plate at 75-60 
degrees Celcius. The stepper motor run DSID has been described exhaustively 
elsewhere (131. The only modification made was in the electrode holder which consists 
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of two 8-32 screws glued into either end of a 3.5 em. boron nitride rod (5 aim o.d.(. A 
hole was drilled into one end of ihe graphite cup to allow it to be attached to one of the 
screws The spectrometer used was a THERMO JARRELL-ASH multl channel with 
software and hardware modifications made by Technical Services Laboratory (16). 

RESULTS AND DISCUSSION 



Flow Injection Systems 

The preconcentratlon values for the three chemistries attempted were calculated 
by comparison of peak heights obtained before and after as measured In Intensity units. 

The results are given in the tables below: 



Table 1 


Chclex- 100 With Acid Elutlon Results 






Sample 
Loop 


Metal Intensity 
'l 


Intensity Preconcentratlon 
>0 Factor 11 j/Iq) 


1.0 mL 


Cu 


6011 




721 




8.3 




cd 


4878 




760 




8.4 




Zn 


5392 




696 




7.7 


5.0 mL 


Cu 


23881 




721 




33 




Cd 


16379 




760 




23 




Zn 


16337 




696 




'.'•I 
















Table 2 


Sorbent Extraction Results 








Metal Chelator 


Eluant 


Intensity 
Reading 
Corrected 
'I 


Reading 
Solvent 

•o 


Preconcentratlon 
Factor 


Cu 


8-HQ 


2propanol 




8014 


594.6 


14 


Cu 


8-HQ 


cthanol 




7742 


483 


It) 


C.i 


NaDDC 


methanol 




6483 


974 


7 


:•■!.. 


8-HQ 


2propanol 




1936 


69 9 


28 


Pb 


8-HQ 


cthanol 




2507 


85.7 


30 


to 


8-HQ 


methanol 




1527 


229.5 


7 
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Tabic 3 


Chelex- 100 Without Acid Elution Results 




Stripping 
Reagent 


Metal Intensity 
'l 


•o 


Preconcentration 

Factor (I ,/Iq) 


EDTA 
L-cystelne 


Cd 4337 
Pb 3087 
Cu 8216 




179 

19 

164 


24 
33 
M 



The best results were obtained using L-cystelne to elute copper. The difficulty 
with this meLhod Is that it Is element specific, Chelex- 100 with acid elution provides 
the most universal technique that can be applied to a large variety of metals. The 
problem we foresee with an acid eluant Is the effect It may have on the wire loop of 
tungsten should we decide to use 11 as the DSI of choice. The sorbent extraction may 
well be a suitable alternative to Chelex- 100 but Us full potential has not yet been 
explored. 
DSID 

Only preliminary Investigations have been completed using the graphite 
Insertion probe described previously. The experiment was not optimized for important 
factors such as Insertion height. The effect this has on signal Intensity and plasma 
shape has been shown by Shao and Horlick to be a crucial Issue ( 10). The detection 
limits obtained for several elements with this unoptlmlzed DSi system are given In Table 
4. We have also Included an estimate of detection limits calculated by considering the 
preconcentration factors found by FtA as divisors. 



Table 4 


Estimated Detection Limits 






Elements 


FIA Method 


Factor 


Detection Limits (ppm) 
DSID Estimated 


Cd 


Chelex 100 


23 


1 


0.005 


Pb 


Sorbent 


30 


5 


0.017 


Cu 


L-cystelne 


50 


0.2 


0.004 
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CONCLUSION 

We have shown by experimentation that there are a number of FIA chemistries 
easily capable of producing preconcentrations in the range of 10-20. Our future eflbrU 
will be directed toward the search for a suitable Interface and methodology for drying 
and vaporizing the sample. We will continue to explore DS1 techniques and will move 
into the new area of electrothermal vaporization which appears to offer some 
advantages. 
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HOT SLURRY SAMPLE INTRODUCTION FOR ICP-AES 

Eric D. Salln* Lyne Gervals, Laurie Usypchuk. Department of 
Chemistry, McGUl University, 801 Sherbrooke St. W. 
Montreal, Quebec, Canada H3A 2K6 

INTRODUCTION 

Inductively Coupled Plasmas have traditionally been used for the analysis of 
liquid samples, but the development of the Bablngton or high solids nebulizers offered a 
simple approach to the analysis of solid samples. The slurry technique uses those 
nebulizers for the nebullzatlon of suspensions of finely ground material. The slurry 
technique has been applied to the analysis of samples such as coal. Itaoiln, biological 
and agricultural materials. In most of those analyses, the major and minor elements 
were of Interests and were determined with good accuracy. 

The determination ofanalytcs at the trace and sub-trace levels Is more difficult 
with the slurry technique. One limitation comes from the efficiency of transport of the 
system. As with most traditional nebulizers, the efficiency of Uie high solids nebulizers 
results in the Introduction in the plasma of about 1% of the original sample. 

The analysis of materials such as sediments, soils and rocks by the slurry 
technique gives Inaccurate results. The problem comes from the difficulty of breaking 
down the panicles In the plasma. In general, particles of less than five microns are 
required for the slurry technique to work properly. But with many materials, for 
example alumina, smaller particles must be used to have complete break down In the 
plasma. The grinding period necessary to achieve these particle sizes can be so long 
that all advantages of the solid sample analysis method are lost. 

Two sample Introduction systems were studied as possible ways of overcoming 
those limitations or the slurry technique, A first system was designed to work on the 
iransport efficiency problem, A heated spray chamber evaporates the solvent which is 
then removed by a condenser. Reduction or the droplet size Is expected and should 
result in an Improvement of the transport efficiency since the size of droplets Is the 
primary factor controlling the transport process. 

The second system uses a (lame to Introduce the sample Into an expansion 
chamber. The aerosol travels through a condenser, which removes the excess solvent, 
before being Introduced In the plasma. A total consumption burner with an 
hydrogen/oxygen flame was used. The high efficiency of this burner should result In an 
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increased emclency of the transport process but more interesting is the possibility of 
having a preliminary breakdown of the particles. The temperature of a 
hydrogen/ oxygen flame is about 3000 *C which should be sufficient to decompose many 
materials and to atomize completely others. A preliminary decomposition of the 
materials should allow larger particles to be used. Since the material should all be In 
either a vapor or small particle form, transport efficiency should be higher 

The conclusions drawn from the use of those systems for the introduction of 
slurries into the Inductively Couple Plasma will be presented 

EXPKUMKNTAL 



Instruments 

All determinations were done on a Thermo -J ami] -Ash 1CAP-61. A custom 
program was used to control the spectrometer when background signals were required 
for the calculations. Sample was delivered to the nebulizer by a peristaltic pump. 
Systems description and operating conditions 

The normal sample introduction system for slurry was composed of a Legere 
nebulizer and a spray chamber with a baffle of the double-pass type. 

The Hot Chamber System (Figure 1] used the same nebulizer as the Norma] 
System. The spray chamber Is of the same design except for a minor modification in 
f he length and shape of the outlet. A ground glass connector was used to connect the 

chamber to the coiled condenser It also 
provided the proper angle for evacuation of 
the solid material from the chamber. The 
chamber and the connector were heated 
with a heating tape controlled by a variable 
power supply. The condenser was cooled 
with tap water run through an Ice-water 
bath providing a water temperature of 8 'C. 
The temperature of the spray chamber was 
set at 105 'C which was determined to be 
the optimum condition for signal-to- blank 
level. 

For those two systems, the operating 
conditions were forward power 1.0 KW, 
plasma gas: 16 L/mln. auxiliary gas. 
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0.3 L/mln. nebulizer gas: 0.9 L/nUn and sample delivery rate: 1.9 ruL/muv 

The ll.'imc system used a Gilbert burner to Introduce the samples Into a glass 
expansion chamber and a Frlcdrtcns condenser to remove the water The chamber and 
GOaAnMK were used at the vertical arid were attached together by a glass connector. 
The system was connected to the torch with a Tygon tubing. The injector tube was an 
alumi:ia tube at 3 mm of internal diameter which was extending up into the lower 
portion of the plasma. 

The burner was operated wtth 1.5 L/mln of oxygen and 3 1 L/mln of hydrogen. 
Argon gas at a now rate of 1 L/mln was added through the burner to carry the aerosol. 
The sample Now rate was 5 nvL/mln. A 1.75 KW plasma was used while the plasma 
gas was set al 20 L/mln arid the auxiliary gas at 1.2 L/mln. 
Samples and standard! preparation 

The slurries were made from reference materials: BCSS- 1 . MESS I and PACS- 1 
from the National Hrsearch Council and the NB51646 and NBS1633a from the National 
Institute of Standards and Technology. These materials were ground for 30 nun with a 
Spex 5100 mixer/ mill In an agate vial. Particles of less than 2.5 lim were obtained In 
90% of the sample. The suspension was made by placing 0. 5 g of ground materials in a 
100 mL volumetric flask and dispersing It In 1.0 M nitric acid. The suspension was 
magnetically stirred for 5 nun and then placed In an ultrasonic bath for 30 nun to 
complete the dispersion. 

The liquid standards were prepared from 1000 ppm reference solutions and 
dcioruzed distilled water. The standard's medium was made to match the content In 
acid of the slurry- 
Procedure for transport efficiency determination 

The transport efficiency of the two systems was determined by a filter collection 
procedure based on that used by Olson et al. ' The aerosol coming out of the plasma 
torch was trapped on a 0. 1 um polycarbonate filler [Nucleoporc). A digestion was done 
with nunc acid and the solutions obtained were analyzed by ICP. 

RESULTS 

HOT CHAMBER SYSTEM 

Signal Intensity 

The performance of the Hot Chamber System was determined from a 
comparison of the slopes of lis calibration curves wtth those of the Normal System. For 
the analysis of slurry samples, the Hot Chamber System Increased the background 
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corrected signals by a factor of 3 l±0.3 ). on the average. Results for the different 
samples are shown in Table 1 ■ Meanwhile, the signals for liquid standards were 
increased by a factor of 1 1 (± 1), 



Table 1 


Slopes of calibration 


curves for liquid and solid samples with the 




Normal and the Hot Chamber System 








Element 






Slopes |cu/j>pnj) 










Liquid 






Slurry 






Normal 


Hot 


Factor 


Normal 


Hot 


Factor 


Cr 


2473 


22448 


9.1 


1738 


5175 


3.0 




(98) 


(264) 


(05) 


(210) 


(820) 


(0.8) 


Mn 


3956 


47249 


11.9 


2127 


7494 


3.5 




(269) 


(1373) 


(1.2) 


(234) 


(2053) 


(1.3) 


ra 


1129 


13136 


tl.6 


1788 


5310 


3.0 




(81) 


(206) 


(1.0) 


(120) 


(677) 


(0.61 


V 


1726 


18118 


10.5 


1142 


3583 


3.1 




(65) 


(222) 


(0.51 


(71) 


(284) 


(0.41 


/:i 


2945 


29942 


10.2 


4140 


11703 


2.8 




(44) 


(546) 


10.31 


(64) 


(2911 


(0.1) 


Average 






10.7 






3.1 


Deviation 






1.1 






0.3 



( ) Indicates standard error on the slope or the error on the factor. 

Slopes of slurry sample were calculated from signal intensities of the different samples 



Signal liability 

The Hot Chamber System Initially gave very noisy signals. The flow of the 
injection gas was affected by fluctuations produced Inside the system. This resulted in 
severe disturbance of the plasma. The flow of gas was fluctuating between being to low 
to form the central channel and being so high as to bring the Up of the IRZ to the top of 
the plasma. Displacement of the plasma was also observed. 

The diameter and the shape of the Injector tube were found to modify the degree 
of perturbations of the plasma. The normal injector tube of the 1CAP-61 system was 
replaced with a capillary Injector tube of 1 .0 mm of internal diameter. A smooth flow of 
Injection gas was obtained with this new lube as shown by the stable centra) channel. 

The stability of background corrected signals was calculated as the average of a 
set of 80 repeats of 10 sec signal*. The Hot Chamber System using the capillary 
Injector tube provided about the same stability of signal for liquid samples than the 
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Normal System did; 1.3 % (±0.2) vensus 1.9 % (±0,4), When running slurry samples, the 
signals are slightly more unstable with the Hot Chamber System. Variations of 
2.8% (£0.91 were obtained as opposed to 1.7% (±0.7) with the Normal System. 



Table 2 Variations of signals for liquid and slurry samples 





Normal 


system 


Hot Chamber System 




liquids 


slurry 


liquids 


slurry 


,\i 


1.4 


1.6 




2.8 


m 


2.3 


.12 


1.5 


3.4 


-,: 


1.3 


1.1 




2.9 


Mfi 


1 H 


i.;! 


1.1 


1.6 


Mn 


2.5 


1.4 


1.2 


3.3 


V 


l'J 


t.8 


1.5 


3.8 


Zn 


2.0 


1.7 


l.i 


1.6 



avg 1.9 1.7 1.3 2.8 

Using 80 repeats of background corrected signals of 10 sec of Integration. 



Transport efficiency 

The Hot Chamber System Increased the transport efficiency of liquid and of 
slurry samples by the same factor. "The amount of analyles collected from the aerosol of 
the Hot Chamber System, when liquid samples were run. Increased by a factor of 
1 .9 (±0.4). For slurry samples, the increase was 2.4 (±0.4). 
Water loading 

The water content In the aerosol of the two systems was determined because of 
its importance on the plasma conditions. The aerosol of the Hot Chamber System was 
found to introduce into the plasma 9.3 mg of water per minute. The Normal System 
generaies an aerosol with 1 6.4 mg of water per minute. A reduction of 38% of the water 
loading of the aerosol is obtained with the Hot Chamber System. 
Accuracy of analysts 

The accuracy of analysis of the Hot Chamber System and the Normal System 
were determined for elements in concentration ranging from the major to the trace level. 
Liquid standards were used to establish the calibration curves. The percent recovery of 
each analyte was calculated as the ratio of the concentration determined with the 
system to the concentration certified by Ihe supplier. Table 3 shows the results of the 
different elements and samples analyzed for the Hot Chamber System and the Normal 
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System. The Normal System provides somewhat low results but the Hot Chamber 
System is very Inaccurate. The minor and trace constituents show less than 50% 
recovery. The recovery of the Hot Chamber System Is. on the average, 3.3 |±0.9) times 
less than that of the Normal System. This difference correlates with the discrepancy In 
signal increase between the liquid and solid samples obtained with Hot Chamber 
System: 3.4 (±0.7). 



Table 3 


Recovery for the analysis 


of slurry samples with the Hot Chamber 




System and the Normal Syslen 


, 












BCSS-X 
N H 


MESS-1 


PACS1 


NBS1646 
N H 


MBS 1633a 




N 


H 


N 


11 


N 


H 


Fe 


M 


7S 


76 


70 


SO 


54 


sy 


69 


39 


30 


HI 


73 


55 


69 


62 


72 


17 


*5 


B8 


65 


42 


Ce 


- 


29 




17 




M 


. 


12 


87 


18 


Cr 


76 


36 


43 


3] 


60 


22 


75 


34 


67 


27 


Cu 


- 


57 




M 


<JH 


sa 


- 


47 


(51 


M 


Mil 


Bl 


29 


33 


20 


n 


17 


78 


21 


19 


12 


NI 


LOS 


sa 


1:2 


22 


H 


2-1 


H6 


23 


34 


17 


to 


- 


- 


. 


- 


1)H 


M 


• 


. 






V 


101 


34 


76 


20 


90 


20 


92 


26 


75 


21 


Zn 


B3 


25 


M 


27 


135 


35 


111 


23 


03 


15 



Recovery reported In % of the certified concentrations. 

indicates an Impossibility of determination due to too low a concentration. 
N Normal System 
H Hot Chamber System 



FLAME SYSTEM 

The condensation efficiency of the dr solvation stage Is very high, about 99%. 
Even though a small amount of water Is Introduced In the plasma, it is very difficult to 
maintain the plasma, Changing the injector lube to one of a larger diameter 13,0 mm) 
and inserting it into the plasma (5 mm above the load coll) allowed the flame system to 
be interfaced with the plasma. With this configuration, good stability of signals was 
obtained: 2%. 

The flame system can be used to nebulize slurry samples of 0.5% w/v with no 
clogging problems but the transport efficiency is not better than that of nebulizer/spray 
chamber system. The detection limits of this system are not expected to be lower than 
for a nebulizer system. Memory effect is a serious problem with this system. A Ouah 
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time of a minimum of 2 mm Is necessary because of the length of the system but also 
because of deposition on the walls of the expansion chamber, 

CONCLUSION 

The Hot Chamber System provided an Improvement in transport efficiency as 
expected. The increase resulted from the evaporation of water from the droplets. The 
size of the particles Included In the droplets and the efficiency of transfer of heat to the 
droplets are two factors UrolUng the Improvement of the transport efficiency. Therefore, 
it Is probably Impossible to increase the transport efficiency by more than a factor of 
two with a system of the type of the Hot Chamber System. 

As shown by the Increase in signal Intensity, the transport efficiency Is not the 
oruy parameter Involved in the performance of the Hot Chamber System. The signal 
Intensity of slurry samples is Increased by three when there Is only twice as much 
analyte Introduced In the plasma. So, other factors must be affecting the signal 
intensity. This becomes obvious when considering the signal increase produced by the 
Hot Chamber System for liquid samples. The additional factor of signal increase Is 
attributed to changes In the plasma conditions. 

The difference In the amount of water introduced In the plasma could generate 
different conditions. The temperature of the plasma could be lower with the Normal 
System since more water has to be evaporated and atomized. Also, the Hot Chamber 
System generates an aerosol containing more water vapor than the Normal System. 
Since water vapor Is known to produce a reduced cooling of the plasma 3 , this difference 
In the composition of the aerosol could also contribute to an alteration of the plasma 
conditions. 

Modifications of the plasma conditions could be responsible for the signal 
Increase but also for the poor accuracy of the Hot Chamber System. The low accuracy 
is a consequence of the discrepancy In signal Intensity obtained for solid samples and 
liquid standards. This seems to result from a difference in atomizatlon efficiency of the 
plasma for the two types af samples. The reduced availability of water In the plasma 
reduces the supply of hydrogen and oxygen and both components are contributing to 
the transfer of energy between the plasma and the particles 3 . A change In the plasma 
composition, of both hydrogen and oxygen, could affect more severely the 
decomposition rates of the solid particles than the atomizatlon of liquid samples since 
much more energy is necessary for the first process. 
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The Hot Chamber System resulted In an Increase In transport efficiency but 
other parameters are simultaneously modified such that the system gave poorer 
performance for the analysis of slurry samples. Meanwhile the results for the flame 
system did not demonstrate any Increase In transport efficiency or particle breakdown. 
The results of these two projects tend to show that the accuracy of analysis by the 
slurry technique is controlled by the energy available for the different processes 
occurring in the plasma. Overcoming the limitations of the slurry technique might 
therefore be possible with the mryUfk-atinn of the chemical environment of the plasma. 
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PLOWING STREAM MICROWAVE SOLID SAMPLE 
DECOMPOSITION 

Eric D. Salin* and Fu He U 

Department of Chemistry, McGlll University, 801 Sherbrooke St. W. 

Montreal. P.Q.. Canada H3A 2K6. Phone: (514) 398-6236 

Microwave aided digestion offers significant speed advantages over conventional 
atmospheric or bomb digestion techniques for certain sample types [1-4], It is our plan 
to develop a flowing stream microwave system suitable Tor the digestion of solid 
samples. We expect that such a system would provide the power of microwave 
digestion with the convenience of flow Injection type sample handling. In addition. 
automated handling of liquids should minimize the fume and handling hazards which 
can result when using the more powerful reagents required for some difficult digestions. 

We have previously reported that a prototype of our microwave system was 
capable of digesting a copper ore sample In several minutes (Q1988 MOB Technology 
Transfer Conference). This indicates that energy Is coupled successfully to the tubing 
Inside the microwave oven. Our pressure-temperature data from those experiments 
[Figure 1) show that higher pressures and temperatures are reached than those 
obtainable at atmospheric pressure. 




Ttnw (Haondi) 



Figure 1. Temperature and pressure Inside microwave tubing 
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Our proposal involves the develapmenl of a major segment of Figure I 



Solid Samples 

sss 



Solid Snmpla 




Dig *«l Solution 
(Normally Acid) 



Aula Sampler 



Pump 



Figure 2. Totsl system for mlcrowTe solid digestion 

We are Interested in the process from the funnel through the microwave 
digestion process. Our plan primarily revolves around development of the microwave 
system Itself, as Illustrated In Figure 3. 



Multtport valve 



Effluent 




High ptassum valve 



Microwave Oven 
Figure 3. Continuous •synchronous system 
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Al this point we arc building a single tube electrically controlled system such as 
that Illustrated In Figure 4. If the single tube system works well, then a simple 
modification will provide the mulu tube system Illustrated In Figure 3. It appears to us 
now that the system In Figure 4 offers considerable potential from the liquid handling 
point of view. We have, for convenience, shown the solid sample as being supplied by an 
autosampler A configuration of this type win allow a variety of acids to be mixed In 
virtually any proportion. It would be possible to mix the acids directly In tubing by 
rapidly switching between acids and letting the segments mix In a mixing coil, however 
we feel thai the simplicity of the chamber Is superior at this stage. 

Our experiments to date have brought up some interesting problems. We will 
address the problem and then a possible solution (when available] In the text below. 

1. Problem: Sediment left ha tubing. 

Actually, the major problem here seems to know If there Is sediment In the 
tubing. Since the tubing can be made of a variety of materials. Including low friction 
compounds like Teflon [as a lining), the sediment can probably be rinsed out with a 
high velocity flush. Sediments would offer the potential for contamination of the 
Mowing samples. Unless prior knowledge suggests complete decomposition, a flush 
may be essential as part of the normal operating mode. The time required would be 
short. 

2. Problem: Bobble formation. 

We have had bubbles appear during our copper ore experiments. One must 
realize that the exhaust valve Is opened before the Inlet valve. This releases the 
pressure to atmospheric levels and may cause the release of additional bubbles. To 
date, they have not been a problem. The higher pressure In the tubing does cause an 
outward flow from Ihe system, but this Is expected. The wash of new material coming 
In seems la pick up all bubbles when 0.25 In Ld. tubing Is used. A flush cycle, as 
suggested above, would almost ensure bubble removal. 
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Temperature measurement system 



Pressure measurement 
system 



high pressure 
valvrf 



Autosjs;i.;.!ir 



S 



MulUport valve 
Pump I — T_ 

i.-Q" 



• • 



Sample collector 



COMPUTER 




Acid reaerroir 



Add If 



l Acid 3# 



Ad<l3# 



Figure 4. Automated Flowing Stream High Pressure Microwave 
Sample Digestion System 



3, Problem: Radiation leakage. 

Since acidic solutions can be charge canters (conductors) there Is some concern 
that tubing emerging from the microwave oven would act as an antenna. There are 
several solutions to the problem. The first is to seat the high pressure valves on the 
walls of the oven. We have done this and observed no measurable leakage using a 
sensitive detector. Another solution is to use air bubbles at the ends of the solution 
segment. Our data with various volumes of bubbles (Figure 5] suggests that heating Is 
independent of bubble volume. 

4. Problem'. Particle (low from the •vstem. 

For atomic analysis, this Is a problem only If the particles are too large to run 
through a high solids nebulizer for atomic analysis. This would place them larger than 
5 to 10 microns in size, depending on the nature of the material. This may require a 
detector on the flowing stream for larger particles (5 microns and grealer) and either a 
recycle capability (feedback loop] or a warning to the operator lo examine the sample or 
resubmit the sample for further digestion. 



40- 
35- 
»- 

25- 

20 - 
16- 
10- 

5- 

— 



12 



BubbisVotumiMmL) 
Figure S. Temperature and Bubbk Volume for different heating times. 
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8. Problem: Temperature measurement 

Control of the temperature and pressure during the digestion Is critical to the 
efficiency, reproducibility and safety of the procedure. Temperature measurement IS 
complicated by the high energy microwave field m the cavity, Conventional 
thermocouple devices can not be directly used In this environment. If a bare wire 
thermocouple Is introduced Into an operating microwave oven, electrical discharges 
(arcing) will typically be observed. These can be sufficiently severe as to destroy the 
thermocouple or even the oven. Meanwhile, a large quantity of microwave energy will be 
transported out of the cavity. Large currents are also Induced In the thermocouple wires 
leading to spurious signals which then swamp out the thermally Induced voltages of 
Interest. This problem has been solved with a well shielded and grounded metal cable 
[Figure 6) which can shield successfully the thermocouple wires from microwave field. 

Teflon Tape 




Aluminium Foil 



Thermocouple Wire* 



Electrical Grounding 
figure 6. Schematic diagram of the metal cable 
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Solid Sample Insertion with Pellets for ICP-AES and 

ICP-MS 



Eric D. Salin and Laurent Blam 
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INTRODUCTION 

The analysts of many materials remains a difficult challenge for the 
analyst. Chiefly, the difficulty lies In (he conversion of the material as It occurs 
naturally to a form suitable for analysis by the Instrumental technique of choice. Many 
materials of interest to environmental scientists occur naturally as solids, two common 
examples are vegetation and sediments. In this cases, the solid must be dried, ashed 
and ground, and the resulting powder Is then decomposed either by an acid digestion or 
an alkali fusion. Add digestions are often complicated by the contradicting solubilities 
of elements of Interest, so that they typically Involve a sequence of nitrations and 
dissolutions. In short, the conventional sample preparation procedures are often very 
lime consuming and demand skill on the part of the analyst. 

An attractive alternative would be to bypass the reduction of the powder to a 
liquid form, and Insert it directly Into the plasma 1 .3,3,4 so me preliminary results for 
the direct Insertion of powdered samples In a graphite cup Into the plasma have been 
very promising l^ 2 . We have already reported bow directly pressing a graphitic material 
into a pellet resulted in an Improvement of detection limits commensurate to the 
increased mass or sample thus inserted in the plasma' . For example, we have brought 
the detection limit for lead In g-standards from about 1 ppm with a graphite cup down 
to about 0. 1 ppm with a pellet by ICP-AES. and down further to 0.02 ppb by ICP-MS. 
These concentrations fall below the levels found In three sediment reference materials, 
MESS-1, BCSS-l and PACS-1 (NRC Canada), and suggest that the analysis is feasible. 
in terms of detection limits. 

In this report, we will present work that is currently being pursued in our 
laboratory to apply this technique to the direct analysis of sediments. The emphasis will 
be on the factors that affect the volatilization of various classes of elements from the 
probe, because ultimately it Is that step which limits the applicability of this technique. 
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EXPERIMENTAL 



Instrument 

A direct reading spectrometer. modified by Guy Legere of Technical Services 
Laboratories, was used to collect all of the data that will be presented In this report. 
This Instrument has already been briefly described In earlier presentations and a recent 
publication i . In short, the operation of this Instrument has been put entirely under the 
control of a microcomputer, so that many of the limitations of conventional direct 
readers for the acquisition of transient signals are lifted**. Table 1 lists the plasma 
operating conditions and observation parameters. 

Procedure 

The solid standards that were used in this experiment were the SPEX g- 
standards, for the work with graphitic matrices, and for the work with sediments (t was 
PACS-1. a sediment reference material from the NRC (Canada). 

A hand operated brlquettlng press, commonly used In cakmmetry, was used to 
prepare the pellets. Although Ihe g-standards could be directly pelletlzed, It had already 
been reported that geological samples will melt or sinter Into a refractory globule If they 
are Inserted directly into the plasma with a graphite cup, and that prior mixing with 
graphite Is essential 4 . Furthermore. It is Impossible to pellctlze the sediments with a 
hand operated press unless they are mixed with graphite In a proportion of at most one 
part sediment to one part graphite. The relevant data on the equipment and reagents 
that were used in these Investigations are complied In Table 2. 
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RESULTS AND DISCUSSION 



Preliminary Investigations with sediment* 

Pellets pressed from a mixture ai* sediments In graphite were more difficult to 
Insert directly In the plasma than the g-slandards had been. Unless (he Insertion Is 
slow and gradual, the violent release of gas that results will extinguish the plasma. After 
a few seconds the bright orange emission of silicon fills most of the plasma's body, this 
Is accompanied by a sharp Increase of the reflected power and an audible rumble from 
the plasma. This silicon emission can last longer than ftve minutes for a one to one 
sediment mixture, al relatively low insertion depths. Next, a bright blue emission takes 
over the upper cone of the plasma, and it is soon surrounded by pink and purple 
emission from calcium, and the base of the pellet Is sometimes surrounded by the green 
emission of carbon. This sequence Is Illustrated In Figures 1-a] through l-d) for various 
Insertion depths, and dilution ratios of sediment In graphite. 

A preheat step at the base of the plasma provides the best signals for the 
volatile elements, such as arsenic. Cd. Pb and Hg. These signals are smooth narrow 
peaks, wiih Utile tailing. On (he other hand, If the probe Is pushed slowly Into the 
plasma without a pre-heat step, the signals for these elements progress as the plasma 
Is upset by the sudden release of large quantities or gases generated by the thermal 
decomposition of the sediment's matrix. This, in turn, leads to weaker signals that are 
spread out and noisier, often the peaks are replaced by two or more bursts. 

If the pre-heat position is close enough to the base of the plasma, some silicon 
emission Is eventually observed as the tip of the pellet gets hot enough to glow. Al this 
point the probe can be pushed deep into the plasma without extinguishing it, by then 
the matrix of the sediments has been reduced to Its more refractory components and 
will not expel much more gas when the temperature of the probe Is raised. The probe 
must be pushed quite deep Into the plasma, otherwise It will be surrounded by a sheath 
of silicon vapor that will shield 11 from the plasma, as In Figures 1-b) and l-d). The 
signals of elements of Intermediate volatility, which appear at about the same time as 
the silicon emission, confirm the formation of an insulating sheath around the pellet 
For example. Fe and Mn start coming off at about the start of the silicon emission but 
fall down to their baselines as the silicon emission grows tn Intensity, and resume as 
the silicon emission dies out. 
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The signals of more refractory dements, such as Co and Cr, are often difficult to 
discern because they are usually broad, quite weak, and do not stand out well against 
their very intense drifting baselines. The data acquisition procedure can be adapted to 
enhance the resolution of these signals from their baselines, by delaying the start of the 
observation period and keeping the Integration times small. However this does not 
Improve the quality of the signals themselves, which remain extremely spread out. 

Volatilization mechanisms 

The poor signals of the refractory elements were not surprising, these elements 
had also resulted In poor signals with the simple g- standards. With graphitic matrices. 
It has become common practice in the DSI literature to ascribe the absence of signal 
from refractory elements to the formation of their even more refractory carbides 2 - 5 . And 
Indeed, the work of arc spectroscoplsts In the early nineteen sixties supports this 
conclusion In marry Instances 7 ' 8 ' 9 , Drawing from the experience of arc spectroscoplsts. 
some workers have investigated the applicability of thermochemlcal additives to 
enhance the volatilization of selected elements 2 ' 5 . For example. Mo forms a very 
refractory carbide and usually no signal is observed for this element, but when either 
Teflon or NaF is added to the sample a sharp well defined peak is recorded for this 
element. 

This solution is not universal however, as with any chemical reaction the 
formation of a volatile compound of the element depends on the free energy of Its 
reaction with the additive. Thus, the reagent that results in one hundred percent 
recovery of one element may not do much for another. For example, NaF does not result 
In any noticeable Improvement of the signal of Cr and Fe, among others, and for Fe it is 
already known that a better choice would be AgCl 5 , 

The choice of a volatilization enhancer must be based on an approximate 
knowledge of the thermodynamic and kinetic parameters of the thermochemlcal 
reaction. It is often difllcult to find suitable values for the latter, particularly at 
temperatures found in the ICP. Furthermore, the assumptions made In the derivation of 
the temperature dependence of tree energies are often stretched for temperatures so far 
removed from the standard state. Nevertheless, these thermodynamic calculations have 
been successfully used by arc spectroscoplsts to study the formation of carbides in 
graphitic matrices 8 , and have been useful in understanding the effect of the two 
thermochemlcal additives Investigated here, NaF and AgCl. 
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A3 a general rule, when (he boiling point of the relevant hallde of the element of 
Interest Is well below that of the additive, the kinetics of the thennochenucal reaction 
often have Utile impact on the enhancement of the signal. As the boiling point of the 
reaction product Increases towards that of the additive, the insertion procedure must be 
adjusted so that the temperature of the probe does not rise too quickly or the reagent 
will boll off before the reaction can proceed. For example, the boiling point of CrF2 Is 
separated by less than 3QO°C from thai of NaF and its signal is not significantly 
enhanced by the presence of this additive, on the other hand M0F5 has a boiling point 
about 16Q0°C lower than that of NaF and Us signal is dramaticalh/ enhanced by the 
presence of the latter. However this rule does not apply In many Instances, for example 
It does not explain the different effect of AgCl on Co and Fe. The boiling points of the 
relevant chlorides of these two elements are not very far apart, yet the signal of Co Is 
only enhanced by the presence of AgCl In the reaction mixture If a pre-heat step 
preceedes the Insertion of the pellet deep into the plasma, while the signal of iron Is 
always Improved by the presence of AgCl In the reaction mixture. 

Matrix effects 

The most striking difference between the g-standards and the sediment 
reference materials. In terms of their analysis by DSI. Is the presence of large 
concentrations of silicon in the latter, It has already been noted how a very bright 
silicon emission Is observed In the whole body of the plasma after the pellet has been 
Inserted into the plasma, and how the signals of Fe and Mn fall back to their baseline 
during its peak. This matrix effect must be considered from two perspectives, on the 
one hand the effect of large masses of silicon released at once In the plasma must be 
ascertained, and on the other hand Its effect on the physical and chemical conditions In 
the probe must be investigated. 

To study the Influence of large masses of silicon on the excitation conditions of 
the ICP. segregated pellets were prepared where one layer of the pellet was composed of 
a mixture of g-standard In graphite and another was composed of SiC>2 in graphite. The 
slope of the calibration curves obtained with these pellets were compared with that from 
pellets of mixtures of g-standards In graphite only, and no significant difference was 
observed. This result agreed with what others have reported 2 for synthetic standards 
similar to the g-standards where the matrix Is not graphite but silica. Thus, the loss of 
signal for Mn and Fe cannot be attributed to changes In the excitation conditions In the 
plasma. Although these segregated pellets caused a bright orange emission, they did 



234 



not disturb the plasma as much as the sediments did. probably because the latter also 
release a lot of gas when the rest of their matrix decomposes, which may push the 
plasma upwards arid temporarily move the zone of maximum emission out of the 
spectrometer's view. To investigate this last possibility, the orientation of the segregated 
pellets in the plasma was varied, so that sometimes the SIO2 would be on the bottom 
and sometimes on top. It was observed that when the silica layer la the bottom the slope 
of the calibration curves are noticeably shallower than when it Is on top, which accords 
with the observation that If the sediment pellets are not pushed deep enough Into the 
plasma the bright white core slays above the pellet and does not close under the pellet 
until the orange emission is virtually over. 

The observation that the excitation conditions are not affected by the presence of 
silicon means that It does not cool the plasma, so that the effect of silicon on DSl must 
be studied at the pellet plasma interface and in the pellet Itself, it Is clear that the 
Insertion parameters must be adjusted to allow the plasma to reshape under the pellet, 
so that the emission zone of the refractory elements does not get temporarily pushed up 
and out of the observation zone of the spectrometer. It is still possible that the 
streaming silicon vapor will Insulate the pellet from the hot core of the plasma and thus 
keep Its temperature fixed at the boiling point of silica during that period. It Is also 
possible that melting silica forms a network of refractory globules in the pellet 4 , and 
varying the dilution ratio of the sediments in graphite should provide a clue as to the 
severity of this effect. The data collected so far does not provide a firm clue as to 
whether this last effect Is significant and whether It Is relieved by further dilution of the 
sediments In graphite. Likewise, because the thermochemlcal additives that are used to 
enhance the volatilization of the refractory elements can also react with silica. In effect 
acting as matrix modifiers. It Is difficult to discern whether their use Is advantageous at 
this time. 

Electrothermal vaporization (ETV) 

The applicability of a thermochemlcal analysis of the volatilization mechanisms 
with pellet DSl Is limited by the lack of control over the temperature of the pellet In the 
plasma. The only parameter that has a direct effect on the temperature of the pellet la 
its position relative to the plasma, however the heat gradients under the base of the 
plasma and In It are so steep that the temperature accross the length of the pellet 
probably ranges over several decades. Thus, adjusting the kinetics of the 
thermochemlcal reactions that resutt In volatilization enhancement by varying the 
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pre-heat height and (he Insertion depth remains a emplrlcaJ endeavour. Clearly, at this 
stage, it would be helpful to devise a technique that allows the verification of the 
tbermochemieal calculations and the Identification of the volatilization mechanism for 
groups of elements so that the true potential of volatilization enhancers can be 
established. This information could In turn be used to advantage in the optimization of 
the Insertion procedure. 

Work has begun on the development of an electrothermal atomlzatlon device 
that accomodates the pellets of DSI, and the preliminary results are encouraging. The 
basic Idea has already been described '", In this instance we have replaced the graphite 
tube of the furnace of a Perkln Elmer HGA 2200 with a pellet. The vaporized sample Is 
swept into the plasma by a flow of argon, through the Injector tube of a standard torch. 
The signals obtained with this arrangement are easier to discriminate from their simpler 
baselines. Thus, the signals of cobalt and chromium that are measured with the ETV 
system are easier to discern than those that are obtained with DSI. Some initial very 
rough detection limits fall In the hundreds of parts per billion, they wUl surely be 
Improved by a better design of the ETV chamber. 

The full potential of the ETV approach may only be realized when the heating 
ramp is used to selectively volatilize the elements with low boiling points, then drive all 
the silicon out of the pellet by keeping the temperature at silicon's appearance 
temperature, and finally ramp the temperature up again to volatilize the refractory 
elements. The three phases are made Independent of each other and the observation 
parameters, such as the Integration time, can be systematically optimized for each 
Individual element because Its appearance time Is determined by the temperature 
program. A further advantage of ETV Is that It allows much higher masses of sample to 
be used, with a consequent Improvement of detection limits and sampling statistics, 



CONCLUSION 

Our current work with pellet DSI Is concerned with establishing to a Oral 
approximation what the particular volatilization mechanisms are for a group of 
representative elements, and how this information could be used to enhance the signal 
of classes of elements and minimize matrix effects. Concurrently, we are concentrating 
on the Identification of the matrix effects of the silicate matrix of sediments, from which 
it will In turn be possible to design an adequate calibration procedure for pellet DSI. 
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The ETV experiment holds great promises hi that direction. First, because It 
provides control of the pellet'5 temperature, which is essential for thermodynamic and 
kinetic Investigations. But also, this control over the kinetics of reactions In the pellet 
Introduce the possibility of directing tiie fhermochemlcal reaction In the pellet to 
advantage, and for complicated sample types Uke sediments, Oils may well gtve tt the 
leading edge. 
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RETRACTABLE COMPOSITE ABSORBENTS FOR ENV IRONHENTAL CLEAN-UP 

B.CiLliea .E.Forsberg, (t.Garces, R.Li, L« R ead , E .S t u bl ey . 
EcoPlastics Ltd., Wlllowdale, Ontario, M2H 3B4 

O.Hercsz, 
Ontario Ministry of Environment, Rexdale, Ontario, M9W 5L1 

INTRODUCTION 

la certain Great Lakes areas, clean-up of contaminated 
Sediments in creek, river and lake bottoms is the most pervasive 
and perhaps most difficult challenge for remediation.**' Bulk 
spills from industrial sources into water bodies are major 
contributors to contaminated water and sediment. The 1 9 S 5 
perchloroe t hy lene spill into the St. Clair River focuaeed public 
attention on this problem and on the lack of effective methods 
for spill clean-up. The most common method for removal of 
contaminants from river bottoms is dredging. However, this 
method is contraversial for a variety of reasons. Including the 
generation of a large volume of contaminated waste and the 
resulting disposal problems. 

The Ontario Ministry of the Environment and EcoPlastics Ltd. 
embarked on a joint development program targetted at the 
development of an alternative river bottom clean-up method- A 
method was desired which would reduce the volume of waste 
generated and which would also minimise the disturbance to the 
ri ver bo t torn. 

Two approaches were identified for clean-up of contaminated 
sed imen t s : 

i) capture of trace amounts o £ organic chemicals dissolved in 
water leaching from the sediment; and 
ii) clean-up of bulk spills of organic chemicals. 

SEDIMENT CLEAN-UP BY ADSORBENT CONTAINED IN A POLYMER COMPOSITE. 

The Ontario Ministry of the Environment expressed an interest 
in using magnetically retractable adsorbent materials for clean- 
up of contaminated sediments. This material, combining adsorbent 
and metal Ln a polymer matrix could be thrown onto the 
contaminated sediment, where it would ad sorb contaminants from 
either the sediment or the water above the sediment. The 
adsorbent could then be retrieved by passing a magnet over the 
area. An initial program, Project No. 257RR was undertaken to 
demonstrate the viability of L he retractable adsorbent concept, 
and based on that work, the Ministry applied for a patent. 

Activated carbon is known to be an effective adsorbent for 
removal of trace quantities of 3 wide range of chemicals from 
water. Fines generation makes both powdered activated carbon and 
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Sranulated activated carbon unsuitable for use directly in river 
en vi ronmen t s . 




DBBSt such as polyurethane, are also known to absorb trace 
amounts of chemicals f roa w a t a r , and have been used to 
concentrate chemicals for analysis/ ^ The combination of 
polyurethane foam and powdered activated carbon circumvents the 
problems associated with encapsulated carbon granules and allows 
one to use the effective adsorption capacity of activated carbon 
and the foam in a physical form that can be applied over 
contaminated river bottom sediments. 

Polyurethane foams containing from 3 £ to 3 91 activated 
carbon by weight were prepared by polymerizing the appropriate 
amounts of activated carbon in solutions containing polyurethane 
prepolyoer. The resulting material was strong and had a high 
surface area of exposed activated carbon. The removal of 
te t rachloroe t hy lene, chlorobenz ene > and toluene from water using 
these foams was demonstrated. The foams were more effective at 
removing low concentrations of chemicals from water thin 
granulated activated carbon alone, on the basis of equal mass of 
activated carbon. The foams produced less fines than either 
powdered activated carbon or granular activated carbon, when 
agitated in water solutions. 



ABSORBENTS FOR BULK CHEMICAL SPILL CLEAH-UP 

the immobilisation and clean-up of bulk spills is a major 
concern, since this will minimise dissolution of the contaminant 
into the water. The major goal of Project No, 3 7 5 C was to 
produce and evaluate a crosslinked polymer absorbent for use as 
an alternative river bottom clean-up method. 

The use of crosslinked polymer absorbents has several advantages: 

1. The volume of waste generated in the spill clean-up Is 
greatly reduced, since the organic chemical is selectively 
re t rieved ; 

2. Disturbance of the river bottom is minimal; 

3. Coverage of the spill with the absorbent minimizes 
dissolution of the chemical into the water body itself. 

Uncross linked and fibrous synthetic polymers, as well as 
crosslinked polymers, have been used for the clean-up of chemical 
spills on water, as they can have a high sorption capacity for 
organic chemicals and a low affinity for water.* 3 ' A problem 
with sorbents made from both polyethylene and polypropylene 
fibres is that the s orbed chemical is partially released back 
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tweezers without disintegrating and did not turn sticky or jelly- 
like. It was deemed to be structurally strong. 

Table 1 shows the effect of added Initiator on the capacity 
of EVA (or absorbing solvent. When less than 0.31 ( w / w ) 
Initiator was used in preparing crottllnked polymer samples, the 
absorbent became very Jelly-like upon exposure to solvent, and 
was easily torn apart. It was not possible to measure the 
absorption capacities of these samples because of their poor 
structural properties. At the Q.SX Initiator level, the 
absorption capacity was found to be 49 g of te t rachloroe thy lene 
per gram of crossllnked polymer. However, the swollen polymer 
still lacked good mechanical strength and could not be handled 
easily. At levels equal to or greater than 0.4X initiator, the 
swollen polymer was not sticky and at levels greater than 0.41, 
the swollen polymer could be handled without breaking. The 
absorption capacity decreased as the percentage of Initiator and 
therefore the degree of c ro s s 1 1 nk i ng , increased. The measured 
absorption capacities ranged from 49 g solvent/g polymer for the 
0.31 Initiator material, to 6 g solvent/g polymer for the 6. OX 
initiator material* 

An additional parameter that is Important In the clean-up of 
chemical spills is the time needed to achieve maximum absorption 
capacity (see Table 1). For the films (0.025 in.) this time 
varies between one and four hours. 

The optimum initiator concentration was found to be 0.5X for 
dicuayl peroxide. Crossllnked polymer prepared using this level 
of Initiator picked up 30 times its weight In t et rachloroe thy le ne 
after 4 hours, while maintaining good structural strength. 



Table 1. MAXIMUM ABSORPTION CAPACITY & TIME TO REACH MAXIMUM 
ABSORPTION CAPACITY ¥S PERCENT INITIATOR USED IN 
CROSSLINKING EVA. Crossllnking was carried out by 
pressing at 165°C for 2 h with dlcumyl peroxide as 
initiator. Sample thickness was 0.025 inches. 



INITIATOR 


ABSORPTION 


TIME TO REACH 


DESCRIPTION 


(I) 


CAPACITY 


ABSORPTION 






(g t etrachlorethy lene/ 


CAPACITY 






g polymer) 


( h ) 







, 


_ 


Dissolved 


0.3 


49 


24 


Broke 


0.4 


35 


4 


Stable 


0.5 


30 


4 


Stable i 


1 


17 


4 


stiff 


2 


10 .6 


2 


enough 


4 


6.8 


1 


for 


i <> 


6 


1 


lift ing 
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EVALUATION OF CROSSLINKED EVA FOR UNDERWATER SPILL CLEAN-UP 

Besides absorption capacity, there ace several other 
parameters that are of Importance with respect to chemical split 
clean-up. These Include the daeorptlon of chemicals froi the 
swollen polymer, recycling of the polymer, and range of chemicals 
that can be absorbed efficiently, 

Desorptlon fro m swollen polymer to water 

The Immobilization and clean-up of the bulk spill Is a 
priority in order to minimize dissolution of the contaminant into 
the water. The release rate of te t rach lo roe t hylene into water 
from the swollen polymer was compared to the dissolution of a 
pool of tet rachlocoethy lene into water. Crossllnked absorbent, 
fully swollen in tetrachloroet hylene, was placed In distilled 
water and shaken. As a control, the same amount of solvent waa 
placed in distilled water and shaken. The water samples were 
analysed by gas chromatography for dissolved t e t rachl oroe thy lene 
in water as a function of time. It was found that although some 
solvent desorbed Into the water from the swollen crossllnked 
absorbent, the dissolution rate was bQZ to 601 less than that 
from the pool of solvent. It was also found that only 0.*I of 
the solvent absorbed by the beads over a four hour period was 
desorbed . 

Recycling of the polymer absorbent 




Demonstration of range of chemical absorption 

The crossllnked EVA was examined for absorption of commonly 
spilled chlorinated and other organic chemicals. Table 2 shows 
that the chlorinated solvents were taken up in larger quantities 
than other organic chemicals. This is to be expected, since EVA 
has a high affinity for chlorinated hydrocarbons. As illustrated 
in Table 2, other chemicals are also absorbed to varying degrees. 

The lower absorption capacities observed in the besds aa 
compared to the crossllnked EVA films, may be due to the higher 
molecular weight, as well as the lower vinyl acetate content of 
the EVA base resin. 
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ABSORPTION CAPACITY OF CROSSLINKED EVA BEADS. The 
polymer was crossllnkcd using the low temperature 
method with 0.5% Initiator ( 1 a u r o y 1 peroxide). 



Chen Leal 


Absorption Capacity 




(g chemical/g polymer) 




2 h 


92 h 


Trichloroechylene 


16.0 


39.7 


Tetrachloroe thy lene 


8.9 


17.1 


T rtchloroe thane 


6.0 


11.4 


Dlchloromethane 


6.5 


8.0 


Trlchlorobenzene 


3.8 


13.1 


Toluene 


5.1 


7 .5 


Xylene 


4.8 


7 .5 


Benzene 


4.7 


6.3 


Gasoline 


1.5 


3 .5 


Hexane 


0.7 


2.5 


Methyl Ethyl Ketone 


0.5 


0.6 



Deiopit rat ion of spill ciean-up in a rivet bed simulation 

Prior to an actual field trial, a river bed siaulatlon was 
set up in a large tank. The cross Linked beads were contained in 
mats made from netting material and placed upstreap from a sand 
bag blockade In the simulated river bed., A punp was utilised to 
give a flow rate at 30 cn/s. When tet r a ch 1 oroe t hy I ene was added 
to the surface of the sediment, the water carried the blobs 
downstream to where the mats were located. Once in contact with 
the polymer absorbent, the solvent was absorbed by the beads* 
After 9b hours, the mats were removed from the river bottom, 
Leaving no residual solvent on the sand. The beads in the mats 
had absorbed the solvent "spiLL", and no detectable solvent was 
released bark into the water upon removal of the mats containing 
the swollen beads from the tank. 



SUMMARY 
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Characterization of Leachable Metals in Industrial Wastes: 

A Suggested Decision Protocol 

James R. Kramer. Department of Geology. McMaster University. Hamilton 
Ontario L8S 4M1 

Introduction 

There is an urgent need to develop a comprehensive protocol for the 
evaluation of the toxicity of. handling, and disposal of wastes. The procedure 
must consider the amount of and the mobility of a pollutant in the environment, 
it must be able to relate the concentration to the toxicity of the pollutant; it 
must include clear decision steps leading to specific actions; and it must be 
systematic, complete and cost-effective 

At present, there are many specific tests for the evaluation of toxic 
materials. The problem is that most of these tests do not lead to a systematic 
action path, and/or they are not conclusive enough to point to a specific action 
Many of the tests are time consuming and expensive Yet in the final analysis, 
they do not rigorously resolve the question of how to treat a specific waste. 

Correct decision making includes three aspects: a) the nature of the waste 
itself, with emphasis upon the binding of the potentially toxic substance in ihe 
waste: bi the environmental conditions in which the waste will be deposited and 
stored; and c) the potential mobility and toxicity of the waste Normally only a 
few of these points are ascertained. To make a linkage to a specific handling 
and storage of a waste, details on the nature of the solid/liquid matrix (a) must 
be known; to make a linkage M toxicity (c). a thermodynamic approach is 
required. The environment in which the waste will be stored lb) is key to the 
potential mobility of the waste Present tests on mobility do not consider 
specific storage environments. In general, the key environmental factors are 
temperature, moisture content, bacterial activity, pH, redox potential and ionic 
strength All of these faciots are interrelated, and in many cases, other 
parameters may be manipulated to deduce another process (e.g. organic C/N 
content at temperature and moisture content correlated to bacterial activity) 
The point to emphasize is that the details of a mobility lest, in general, will not 
coincide with the environment of waste containment Thus one must consider 
the possibility that the result of a mobility test may not be appropriate for a 
specific storage environment 
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Another approach to mobility which is rarely, if ever, used is to determine 
the nature of the binding of the contaminant in the heterogeneous waste. Once 
this association is defined, one may better estimate the potential mobility of the 
contaminant. This estimation may be carried out by calculation using established 
thermodynamic or kinettc systems and by experimentation directly on the sub- 
system under a variety of environmental conditions. This rather elaborate 
approach must be used if one is truly going to understand the fate of a 
contaminant. 

The approach presented here is a simple decision sequence. Decisions are 
made using the assumption of a worst case scenario, or conservative assumptions 
Furthermore, it is assumed that not one test but multiple tests will be carried 
out on a waste which exhibits unacceptable characteristics The logic of the 
procedure is if a waste is designated as hazardous, more information is needed 
on the ultimate disposal 01 containment of the waste. This implies an intimate 
knowledge of the nature of the contaminant and its toncological properties in 
the specific waste. 

The following proposal is made specifically for metal contaminants The 
ideas in general can be extrapolated to organic contaminants, but not in detail 

Background and Previous Work 

There is no overall convention for the assessment and disposal of wastes 
Ontario (1) has developed a registration procedure for "registerable" and 
"hazardous" wastes. The assessment process considers specific types of wastes, 
specific chemical substances, and assessment of mobility by a leachate extraction 
procedure (LEP). The process, however, does not assess the reason for a 
designation (e.g. bridging chemistry and toxicology) which is important to the 
final handling and containment Furthermore, in the case of metals in wastes, u 
relies heavily upon the LEP, which is operationally defined and does not 
necessarily reflect environmental factors of containment. 

There has been an enormous amount of work recently on the leaching of 
metals in various media. For example, one may consult the preprints of the 
Division of Environmental Chemistry, American Chemical Society. Annual Meeting, 
1989. Dallas TX. In addition, various protocols have been developed in Ontario 
(Code J09, leachate extraction procedure) and elsewhere. These LEPs all rely 
upon adding in different ways and at different forms and amounts acetic acid to 
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produce a solution of about pH 5. This initial concept for this procedure was 
developed from an assumption of a mixture of industrial and municipal wastes, 
wherein all of the organic portion is convened lo acetic acid (presumably by 
fermentation processes), and the ratio of acid to waste is determined by the 
mixture of the iwo wastes The technique has been criticized in some detail 
previously (2) as being not representative of a stable chemical system (the pH 
varies greatly between acid additions), not representative of wastes in general, 
and of ignoring effects under reducing conditions (even though the acetic acid 
would have been formed in a reducing condition) Other mobilization 
experiments have been earned out on selected wastes to compare to the acetic 
acid leach procedure (LEP) (3). These studies have considered a sequential 
extraction method (4) and a pH stat method (2). In all cases, the LEP gave 
more variable and lower results than the chemically controlled stat or sequential 
extraction tests In many cases the solution chemistry was not stable after 24 
hours, the length of the LEP test. Furthermore, the stat and Ihe sequential 
extraction procedures gave similar results. 

Correlation of thermodynamic properties to toxicity is well known in the 
aquatic chemistry field <S). The concept is thai there is a competition between 
the inorganic (waste) binding site and the receptor (toxic effect) binding site for 
a specific metal In addition, there is a direct relationship between the binding 
intensity of a metal-panicle and its toxic effect due to metal binding (6), 
Thermodynamic properties such as the solubility product, complexation constant, 
adsorption coefficient relate to the strength of binding of the metal to a 
substrate, and. in turn, these binding constants are readily correlated to 
concentrations showing lethality, reproductive impairment etc to plankton and 
fish (7i 

The Proposal 

There are three steps in the protocol proposal. The first step is the 
simplest and is an initial screening by analysis of the total potential loxic metals 
in rhe bulk waste Step 2 comprises structural and mobility assessments of those 
metals in excess bulk concentration (from step 1) Step 3 is a systematic, 
environmenially focussed analysis of the specific toxic waste, emphasizing 
handling and containment. 



248 



Step 1- The decision tree stans with a straight-forward multi-element 
screening test for bulk composition of a waste. The question is asked, "if ail of 
a specific metal in the waste could dissolve in its most toxic form, would it 
constitute a contaminant of concern?" The question is answered by comparing 
the bulk analysis to recommended/legislated criteria and/or to ambient soil levels. 
The relationships between bulk concentration, code 309 action levels and soil 
composition are shown in table 1 for those metals listed in code 309. 



Table 1 . Correlation of bulk chemistry of a waste to Schedule 4 levels for a 
registerable and a hazardous waste. Schedule 4 concentrations of 10 and 100 
times for a 50g/L sample have been assumed to determine "Potentially 
Registerable" and "Potentially Hazardous". Means and ranges for surface soils 
for the U.S. are also given for reference. Soil data from (9). 

Bulk Analysis Soils 

Potentially Potentially Mean Range 

Registerable Hazardous (mg/kg) 

greater than in mg/kg solid 



Arsenic 


10 


100 


6 


<l-93 


Barium 


200 


2000 


554 


15-5.000 


Boron 


1000 


10000 


34 


<2O-30O 


Cadmium 


1 


10 


0.45 


1-10 


Chromium 


Id 


100 


53 


1-1,500 


Fluoride 


480 


4800 


200 


< 10-4000 


Lead 


10 


100 


16 


<1 0-700 


Mercury 


0.2 


2 


0.08 


0.01-5 


Selenium 


2 


20 


0.03 


<0.1-4 


Silver 


](> 


100 


not 


measured 


Uranium 


4 


40 


3 


<1A 



The best and most straight-forward method for multiple element analyses at 
low concentrations in liquids and solids is automated wave-length dispersive X- 
ray fluorescence analysis (XRF). Elements with atomic numbers of 9 or greater 
(fluorine) can be analyzed at the "ppm" level. Modern computer driven XRF 
units are capable of setting their own analytical requirements using "smart 
systems" as well. Thus "other" metals are recognized which would not be 
obtained by most other methods. In addition, in round-robin analyses of metals 
in lake sediments. XRF consistently gave the best results (8). The only 
requirement is that the sample is fine-grained and homogeneous. For a solid, 
crushing grinding and pressing may be required, whereas a liquid may have to be 
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homogenized by blending or by using 3 dispersant. The method is non- 
destructive which dramatically cuts down on analysis time and eliminates the 
difficulty present with alt other "wet" analytical methods of incomplete 
dissolution. 

If the results from bulk analysis exceeds the criterion for one or more 
metals, then step 2 is earned out for those specific metals. If the bulk analysis 
falls within the guidelines, the waste is not a problem. 

Step 2: The second step considers a series of other tests, according to the 
nature, handling and containment of the waste The selection of tests must 
reflect the environmental conditions of storage and not he routine standard 
methods: 

a) If acidity is considered a key parameter, one should cany out metal 
mobilization tests at specific pHs using preferably a pH stai device which can 
determine the amount of metal reieased for each H-ion added. In addition, a 
complete acid-base titration should be performed on the waste in order to 
determine its buffering characteristics (4). The metal mobility and acid/base 
characteristics give a complete information dossier on the pH dependent melal 
release properties Ideally the experiments will be carried out at elevated 
temperature <~5(FC) to ensure that equilibrium or steady state conditions have 
been achieved 

b) Alternately, one should carry out the Tessier sequential procedure, 
steps I and IT (3). This test too should be carried out ai elevated temperature. 
It is important to do both steps of the test, because the degree of binding of 
the metal is indicated by the fractions removed in each test. If a reducing 
environment is anticipated, step III of the Tessier extraction, or an equivalent 
reducing environment test, should be run. 

c) The nature of the metal in the substrate needs to be ascertained and 
compared to the mobility data of a) and b>. X-ray diffraction analysis is useful 
for solids with crystalline material. In inorganic wastes such as slags and metal- 
plating residues, the exact association of metal and substrate can he determined. 
This determination allows solubility calculations under a variety of environmental 
conditions using computer based equilibrium programs. Secondly, scanning 
electron microscopy and transmission electron microscopy with elemental analysis 
potential are most useful on very fine-grained wastes and amorphous material. 
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Association of metals with other media (as indicated by morphology ot chemistry I 
can often be inferred. 

All of the information obtained in part c ) must be consistent with the bulk 
chemistry information (step 1 1 and the leaching chemistry <a and b). 

These results may be interpreted directly (leachate tests, steps a and b), of 
indirectly by solubility calculation and redox stability estimations (using the 
presumed environmental conditions). In the case of organic rich substrate, 
stability-activity relationships may be estimated directly (8). 

If the leachate tests or the calculations indicate excess metal mobility by 
not conforming to established guidelines/codes, then the waste must be 
considered potentially hazardous, and step 3 needs to be carried out for 
chemical loxicological data 

Step J: This step is carried out if results of step 2 indicate a hazardous waste 
This conclusion will normally result from leachate studies, but other analysis may 
be more specific in some instances {e.g. the crystalline characterization by X-ray 
diffraction can be more specific). This step is needed to more specifically 
characterize ihe nature of the hazardous waste, in short, to tie the chemical 
characteristics to loxicological characteristics. The tests suggested here are 
estimations of toxicity from a) the nature of the metal-coordination, b) 
structure-activity relationships (if not already defined), and c) direct toxicity 
lesiing. The following discusses a preferred approach to toxicity testing. 

As with chemical and physical analysis, there is no one general toxicity test 
procedure Toxicity tests, as with leachate tests, ignore environmental 
parameters which may enhance the toxic effect or suppress the toxic effect by 
various synergistic/antagonistic responses. These are especially important for 
interactions of metals with binding sites (9). Therefore a toxicity test which 
considers the total ecosystem or a series of toxicity tests is required. In the 
former case, Di Arno Rosemarin uses computer controlled swimming pools 
(imported from Quebec) to reproduce ecosystem responses to various 
contaminants over time and space. The scale of a swimming pool is considered 
adequate to emulate most processes. In these studies, specific contaminants are 
added, and ecosystem responses are observed against a reference system where 
no contaminants have been added. Although this approach has been applied to 
marine ecosystems, different kinds of storage systems can be studied as well 
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The advantage of ihis system is that a specific containment scenario can be 
evaluated at the whole ecosystem level prior to storage. The disadvantage of 
the approach is that a study is expensive and takes lime 

An alternate approach is to establish an Environmental Hazard Profile (EHP) 
from the response of a number of model toxicity tests. Thus Freitag et al (10i 
have proposed a multiple testing approach which establishes-- at 
bioconcemration in algae, fish and activated sludge, reflecting aquatic effects, 
bi storage, distribution and excretion in rats, reflecting effects on warm-blooded 
animals. c) degradation and conversion in activated sludge, reflecting 
microbiological modification, and d) decay and mineralization phoiochemically to 
simulate abiotic effects for atmospheric exposure. The tests proposed are all 
relatively standard, and the approach has been used for model toxic organic 
compounds. It is proposed here to use the approach to assess the heterogeneous 
mixture of a hazardous waste. Results for model organic compounds already 
lesied, most of which are haiardous and under control, can be compared to a 
specific complex haiardous waste as far as toxic potential ll is further 
proposed that leachate data and compound information can be correlated with the 
BHP index in a structure-activity model. 

The important aspect of step 3 is to determine the nature of ihe toxic 
material and what kind of effect can be expected in a containment scenario In 
this way, the waste can be handled properly in the sense thai its fate will be 
understood prior to disposal. This approach should decrease greatly the concern 
of processing of hazardous substances in an environmental situation. 
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ACexpert is an expert system that is designed to carry out automated 
analysis ot metals using the technique of atomic absorption spectrometry. 
To date, the system specifications have been determined and a number of 
modules designed. In this paper, we discuss progress towards encoding 
the chemical rules which are used in diagnosing problems that are 
encountered during analyses. The use of an expert system shell, KDS3, is 
described. KDS3 is used to generate rules from a series of "conditions" and 
"conclusions" provided by the expert. The total system, bearing a number 
of integrated modules, is described. 

Metal concentration determination using the MS technique requires the completion 
of several tasks, each of which utilizes extensive knowledge and expertise. The 
organization, operation and control of these complex tasks are ideally suited to the 
application of an expert system Our objective in the development of ACexpert (1 .2) 
is to produce a system that can offer "expert" assistance during the analysis of metals. 
We also intend that the modules developed here for atomic absorption spectrometry 
will become more generally usable as models in the development of expert programs 
to be used during analysis by other instruments. Expert system shells are powerful 
tools that can be used effectively to integrate the analytical chemist's knowledge of 
chemical methods and quality control procedures, with the instrument control pro- 
gram. In this paper, we discuss progress towards encoding the chemical rules which 
are used in diagnosing problems that are encountered during analyses using atomic 
absorption spectrometry, to produce a stand-alone expert system module 
ACdiagnosis. Our experience in development of other modules of ACexpert is also 
described. 
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Metal Analysis using ACexpert 

A model of the laboratory procedures which are required for the completion of metal 
analyses by the AAS technique has been translated into a hierarchy of expert systems, 
Figure 1 . Each expert system performs a separate task and each is capable of acting 
independently or as a module of the full system. 
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When complete. ACexpert will provide (i) advice on methods selection, (ii) 
diagnostic information for improving analytical quality, (iff) a simulation role for 
teaching users how to optimize their analyses, (iv) real-time controf of solution 
preparation, sample dispensing, and sequence control, (v) control of the instrumental 
settings and data acqu isition , and (vi) an estimation of the quality of the data obtained 
by the instrument. These modular expert systems are limited to a relatively narrow 
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domain of expertise. However, together, these modules wilt encompass the many 
varied aspects of decision-making that would be normally carried oul by the human 
expert: from method selection, to real-time process control and then to reporting and 
documentation (3). Implementation of the AC expert concept requires a design 
process that includes prototyping and validation before a production system can be 
completed. We have chosen 10 use expert system shells to aid in the development 
of the knowledge base (4.5). because shells contain specific strategies for knowledge 
representation, a complete inference engine, and a database access interface. Three 
of the more important types of expert systems are the consultation, interpretation, 
and monitoring and control expert systems. ACmethods and ACdiagnosis are 
consultative and interpretive types of expert system (6) while monitoring and control , 
and interpretation, types of expert system are combined into the analytical process 
control expert, ACcontrol. The quality control and quality assurance expert. ACa- 
nalysis, is based upon an interpretation type expert system. These modules are 
made up from four essential components: (i) a knowledge base of facts and rules, 
(ii) a problem solving inference engine, (iii) a knowledge acquisition module, and (iv) 
an explanatory interface (7) . The inference engine of the expert system shell is used 
to allow rules and logic to be applied to facts in the knowledge base. 

ACexpert has been developed using the expert system development shell KDS3 
(KDS Corporation, 934 Hunter Rd., Wilmette, II, USA). KDS3 is an inductive shell that 
requires that the developer specify expert knowledge in terms of examples of con- 
ditions and conclusions. The development system uses an algorithm to convert the 
examples into rules and to determine the order that the system will follow when 
questioning the user and making a recommendation. KDS3 dBals with conditions, 
which are input into the shell as text strings that are either true, false, or known with 
some degree of certainty. Expert systems developed with KDS3 are set up by the 
developer in much the same way that they are used. The developer is prompted 
with questions about analysis conditions, until a conclusion is reached. In this part 
of the development of the expert system, the KDS3 shell is used to construct and 
test the rules and facts that will become part of the system knowledge base. Once 
completed, each KDS3 module can be used as a stand-alone expert system, as well 
as part of a larger system. 

ACdiagnosis 

ACdiagnosis is an interpretive module of ACexpert. ACdiagnosis is intended to 
solve both instrumental and chemical problems encountered with flame atomic 
absorption spectrometry analysis. The first versions of this program were developed 
using KOS3+ linked to Quick Basic (Microsoft) 4.5 routines for graphical displays. 
The instrumentation diagnostic section solves problems associated with factors such 
as solution transport (influenced by factors such as high viscosity), condition of the 
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burner, or flame temperature, by interrogating Ihe user about the quality of the 
analytical result. From the conditions and cases describing the operation of the AAS 
instrument itself, the KDS3 inference engine generated 92 rules. The second section 
deals with chemical interference. Addition of these conditions and case conclusions 
increased the rule base to 248. 

The 27 conditions that represent the conditions of the system are introduced 
and set up as statements. These statements are as follows; 

1 . The calibration curve is sigmoidal. 

2. You are analyzing for a readily-bnizable element. 

3. Low sensitivity. 

4. You are using a nitrous oxide-acetylene flame. 

5. You are using an oxidizing flame. 

6. Signals for the same sample are inconsistent. 

7. The calibration curve levels off at high concentrations. 

8. The sftt width is correctly set. 

9. The absorption signal is abnormally noisy. 

1 0. The monochromator is correctly set. 

1 1 . The blank value drrfts. 

12. The signal is increasing or decaying. 

13. The signal has a slow rise time. 

1 4. The signal value pulsates 

15. The absorption sensitivity changes. 

16. The fuel pressure is low. 

1 7. Abnormal noise at 0.00 absorption with no flame. 

1 8. Abnormal noise at 000 absorption with the flame lit. 

19. Occasional pulses in the absorption signal. 

20. There are bubbles in the aspiration capillary. 

21 . The sample solutions are viscous. 

22. The signal integration time is less than 1 second. 

23. A refractory element is present. 

24. The spectrometer is in the single beam mode. 

25. The hollow cathode lamp will not strike. 

26. The hoNow cathode lamp will strike, but no signal is obtained. 

27. The burner is above 8 on the vernier scale. 

The user intervention is requested to assign "True". "False", or "Dont Know" 
state to each statement. These conditions, and their associated case-conclusions, 
are processed through the inference engine in the KDS3 she)). The rules are set up 
in a matrix so that the least number of answers supplied by the user, will lead to a 
conclusion. In the following example, the "Low Sensitivity" question is critical in 
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separating out the various instrumental problems that may be sotved by the module. 
To lead to a conclusion that the glass bead is not adjusted, the user and the module 
logic go through a rule-based path We should note that because of the structure 
of the rule base, answers to other questions were implied. 

1. Statement: Low Sensitivity 
Response. True 

Explanation: This is when you are unable to detect a weak signal normally 
observed with a sample. 

2. Statement: Signal Increasing or Decaying. 
Response: False 

Explanation: Fluctuations of the signal during aspiration period, but not nec- 
essarily rapidly or randomly. 

3. Statement: Abnormal noise at 0.0 absorption with the flame lit. 
Response: True 

Explanation : An abnormally large noise without the sample being aspirated into 
the fiame. 

*. Statement: You are using a nitrous oxide-acetylene flame. 
Response False 

Explanation: The hotter nitrous oxide-acetylene flame could be a source of a 
problem 

Conclusion: The glass bead is not correctly adjusted. The module also suggests 
a remedy, reset the glass bead about 1 mm from the front of the nebulizer. Set 
for maximum sensitivity. 

The standard screen interface provided by the KDS3 shell is depicted in Figure 
2. The problem at hand is displayed in the right-hand panel together with a further 
description of the condition, or additional information for the user 

Let us consider the generation of rules concerning the calibration curve. The 
first condition that is entered is "The calibration curve is sigmoidal", and the respective 
case conclusion for this being TRUE could be "Ionization is occurring". It False, one 
conclusion could be: "There is no fault". KDS3 then generates She following rules: "If 
the calibration curve is sigmoidal is TRUE. THEN Ionization is occurring" and "If the 
calibration curve is sigmoidal is FALSE, THEN Ionization occurring is FALSE". While 
the generation of these rules is straightforward, because KDS3 is an inductive shell, 
it attempts to relate all subsequent conditions to this calibration condition. The next 
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Figure 2. ACdiagnosis: conclusion, 

condition lo be entered may be "The signal is noisy". Because a noisy signal does 
not imply a sigmoidal calibration curve, after the appropriate case-conclusions have 
been entered, the development module will check the relationship of this condition 
to others already existing in the knowledge base. In this example, a rule will be 
generated "If the calibration curve is sigmoidal, THEN The abnormaly noisy absorption 
signal is FALSE". The logic of this rule is implied and therefore, during operation of 
this module, only if the answer to the sigmoidal condition is TRUE will the abnormaly 
noisy absorplion signal condition be asked. However, generation of this type of rule 
can lead to problems. During development it is acceptable to respond to the 
questions linking conditions with "?", to imply, "There is no relationship between these 
conditions". Analysts of the rules generated from the condition and case-conciusions 
is an important step in checking the chemical logic used in this type of expert system. 
The best method of analyzing the logic is to analyze the truth table that links conditions 
and case-conclusions. We show in Figure 3, the truth table for 7 of the 27 conditions 
and 8 case-conclusions used in the prototype stage of ACdiagnosis. In this table, 
"T\ "F" and "?" indicate the relationship between the conditions and cases. 

Discussion 



We have described in this paper the design and first stages in development of the 
expert system module ACdiagnosis, which is an interpretive type of expert system. 
While our project is centered on metal analysis, the concepts described here, are 
applicable to other instrumental analyses. Parallel research involves encoding expert 
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knowledge about the methods to be used for the analysis. We find that organizing 
the chemical knowledge becomes a more difficult task than writing the linking code. 
The KDS expert system shell has been found to fulfill our requirements for the module 
prototyping. The inductive logic of the knowledge acquisition engine is an important 
feature as it results in early validation of the instrumental and chem ical rules generated . 
The rigorous logic that the developer follows in the KDS3 shell, results in a system 
that is easy to manipulate both by the developer and the user. The incorporation of 
the expert knowledge into an inductive shell like KDS3. in which the knowledge base 
is built up through step by step example-driven programming, provides a method 
for resolving the ambiguity of unclear rationalizations. An interfacing capability of 
KDS allows several modules to be linked together, as well as the capability of linking 
to external programs. This is essential in an expert system in which information must 
be transfered between a variety of modules. 
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Abstract 

Emission enhancement by easily ionized elements (EIEs) in direct 
current plasma atomic emission spectrometry has been applied to 
advantage by improving the signal-to-background ratio in the 
determination of arsenic, antimony, germanium, tin, and lead by hydride 
generation d.c. plasma atomic emission spectrometry. Signals of the 
elements were significantly enhanced with all the alkali elements and most 
alkaline earth elements. The alkali elements are preferred to the alkaline 
earth elements in improving sensitivity and detection limits because the 
latter gave elevated background signals. With appropriate EIE, 40-ilS% 
signal enhancement was achieved. Linear calibration and good 
reproducibility were also obtained with EIEs. 

(Verbal presentation) 

Interference effects and methods for the reduction of interferences 
in the determination of germanium have been studied. Simultaneous signal 
enhancement and interference reduction have been achieved using L- 
cystine, L-cysteine, penicillamine and thioglycerol. A number of amino 
acids, such as glycine, alanine, etc. show some capacity top reduce 
interferences, but this was both different from, and inferior to the reagents 
mentioned above. Histidine, on the other hand, proved to be superior to L- 
cysteinr in its ability to reduce interferences from high levels of nickel. 
Mechanisms are proposed to explain interference reduction and signal 
enhancement by thiol-eomaimng compounds, and to explain the behaviour 
of amino acids as interference reducing agents. 



262 



Brindle and Le 



Introduction 

Signal enhancement by easily ionized elements (EIE) in direct current 
plasma atomic emission spectroscopy (DCP-AES) has been encountered for 
over two decades (1-11)- In the presence of easily ionized elements, such 
as alkali elements and alkaline earth elements, analytical signals of other 
elements are usually increased. Although emission tine lo background 
ratios are often improved as well, this enhancement effect has been 
generally regarded as nuisance (2, 3, 12-21) due to its unpredictability. For 
DCP-AES determinations, variable EIE concentrations in different sample 
matrices make the accurate determination difficult. Even for fixed EIE 
concentrations, emission line enhancements differ between wavelengths of 
the same clement, and between different elements (1, 22). 

Hydride generation has been shown an efficient sample introduction 
technique for trace analysis (23-25). Through this process, an analyte is 
simultaneously concentrated as Us hydride and separated from the sample 
matrix. Therefore, sensitivity and detection limit are improved and 
spectral interference is reduced. If the hydride is introduced to the d.c. 
plasma while an solution of EIE with constant concentration is separately 
nebulized and transported to the plasma jet, it should be possible to obtain 
an improved signal-to-background ratio which is beneficial to trace 
analysis. Hydride generation coupled with d.c. plasma is an ideal situation 
where interference by EIE could become an advantage by increasing the 
sensitivities and improving the detection limits of hydride-forming 
elements. With our previous modification of the D.C. plasma sample lube 
for hydride introduction (26), the experiment based on this idea is easily 
performed. Previous studies (25. 27) showed that with conventional 
aspiration and nebulization of distilled water through the outer tube into 
the plasma while the hydride was introduced through the inner tube, the 
D.C, plasma was more stable and better base line was achieved although 
the sensitivity remained unchanged. 

The replacement of distilled water by solutions of EIEs, it was felt, 
could allow the signal enhancement effect of EIEs to advantage. Thus we 
report a series of investigations on the analysis of antimony, arsenic, 

263 



I 



Brindte and Le 3 

germanium, lead, and tin by hydride generation coupled with direct 
current plasma atomic emission spectrometry, 

Hydride Generation Procedures and Parameters 

A gas flowing batch system was used for hydride generation. Argon 
was allowed to flow continuously through the reaction vessel of the 
hydride generator during the entire working time. The analyte solutions 
were added, followed by sodium telrahydroborate(III) solution except for 
the antimony determination where NaBH4 was added prior to the 
antimony analyte solution. Because argon was kept flowing through the 
reaction vessel while the analyte solution and NaBH4 were added, argon 
stripped the hydrides and then carried to the plasma. Atomic emission 
signals were then obtained by the echelle spectrometer. After the 
determination was completed, the reduced solution was drained from the 
reaction vessel to waste. The reaction vessel was washed three times with 
deionized water before the next determination was performed. 

Conditions for the determination of the various elements are are 
given in Table 1. 

Arsenic: Although previous work on arsenic determination (28) 
was satisfactory, especially in reducing interferences, the method required 
high acid concentration (5 M HCI) and 30 seconds of reaction lime. In order 
to speed the determination, a gas flowing batch system (25) was adopted. 
Preliminary results showed that as the HNO3 concentration increases from 
0.01 10 0.20 M. the peak height of arsenic signals increase. High acid 
concentration may cause a distortion of plasma due to the large amounts of 
hydrogen produced. A nitric acid concentration of 0.10 M was chosen, 
where sufficient arsenic signal was obtained. Further, addition of L- 
cysteine to give a concentration of 1.0% (m/v) in the arsenic solution was 
found to speed the reaction and reduce interference. Therefore. 0.10 M 
HNO3 and 1% L-cysteine were used to prepare both arsenic(ltl) and 
arsenic(V) testing solutions. 

Antimony: A gas flowing batch system was also used for antimony 
determination. With the study of acid concentration on antimony 
determination by hydride generation, the highest antimony signal was 
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obtained at 0.050 M HNOj . Therefore, 0.050 M nitric acid was used for the 
preparation of antimony solution. It should be noted that even a very little 
NaBH4 adsorbed on the reaction vessel left from previous determination 
can reduce antimony to its hydride. In order to avoid the uncertainty 
caused by unreacted NaBH4, a reversed order for injection of sample and 
sodium borohydride solutions was used, i.e., injection of sodium 
borohydride prior to the sample solution to ensure thai an excess of NaBRs 
was available. The antimony signal was observed immediately after the 
antimony solution was injected. 

Lead: The conditions for lead determination by hydride generation 
has been found very critical (29). Three reaction media, (NH4)2S20g - HNO3, 
H2O2 - HC1, and K2CT207 ■ malic acid, were tried for lead determination. 
Although (NH4>2S20g • HNO3 system gave the highest lead sensitivity, it 
was more prone to interference from foreign ions, especially transition 
metal ions (29). It is found thai with K2CT207 ■ malic acid as the hydride 
formaiion medium for lead, the least interference was observed. 
Preliminary experiments showed that 0.3% (m/v) potassium dichromate - 
0.060 M malic acid, and 10.0% (m/v) sodium borohydride were the 
optimum concentrations for lead determination. 

Results and Discussion 

Enhancement of Analyte Signal and Changes of 
Background 

Signal enhancement by EIEs is an important feature in DCP-AES. It 
depends on different EIEs (15, 31), concentration of EIE compounds (7, 18- 
20), and different elements determined (15, 30, 32). With the concern for 
these factors, this effect was studied by introducing each of the alkali and 
alkaline earth element containing solutions with various concentrations in 
the determination of As, Sb, Ge, Sn and Pb by hydride generation DCP-AES. 
Distilled water, alkali, and alkaline earth element-containing solutions, 
with concentration ranging from 0.1 0M to 2.0M, were introduced to the 
D.C. plasma through a conventional peristaltic pump and a pneumatic 
nebulizer while hydride, carried by argon, was introduced through the 
inner tube to the D.C. plasma. Atomic emission spectroscopic signals were 
then obtained with the spectrometer and recorded with a chart recorder. 
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Comparing Ihe peak heights of the emission signals obtained in the 
presence of EIE solutions to those in the presence of disliiled water, signal 
enhancement data and background results were calculated and shown in 
Table 2. The background increase(+) and reduction(-) values indicate the 
background changes in the presence of EIEs compared to the background 
in the presence of distilled water, where the latter was between 300 to 
600, depending on the elements determined and the PMT and gain settings 
used, while the full scale of recording was 10,000 arbitrary units. The 
concentrations of As, Sb, Ge, Sn, and Pb solution used in performing this 
experiment were 20.0 ppb, 20.0 ppb, 2.0 ppb, 2,0 ppb, and 20.0 ppb, 
respectively. 

As shown in Table 2, in all cases the As, Sb, Ge, Sn, and Pb, analytical 
signals were significantly enhanced with any of alkali element-containing 
compounds. Comparing the results obtained with aspiration of LiCl, LiOH 
and LiTSC>4. and MgCh with MgS04, we can see that the signal enhancement 
effect is essentially independent of anion, but depends on the cation. With 
the increase of alkali metal concentration from 0.10 M to 2.0 M, the signal 
enhancement factor increases. Although higher concentration of alkali 
elements may give higher signal enhancement factor, a concentration of 
EIE of 1.0 M is recommended since higher salt concentration may cause 
solid salt appear on the top of the sample tube. It is worthy of note that 
although the background level was changed with the introduction of alkali 
elements, no significant change of noise was observed. 

With aspiration of alkaline earth element containing solution to the 
d.c. plasma as EIE source, the signal and background results are more 
complicated and depend on the different analytes. As we can see in table 
2, in arsenic determinations, signals were enhanced and the background 
was decreased with any of alkaline earth elements, whereas the opposite 
phenomenon was observed in the case of tin determinations. In the 
determination of antimony and germanium, both signal and background 
were increased with increasing alkaline earth element concentration. For 
the determination of lead. Be, Ca, Sr, and Ba enhanced lead signal, whereas 
Mg suppressed the lead signal. 
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As a result of enhanced intensities of emission lines (I. 31), both 
peak height and peak area of emission signals were increased. There is no 
change in the peak width, howeveT. 

It is also found that the enhancement effect of EIE does not depend 
on the hydride generation procedure. As a trial, arsenic(III) and arsenic(V) 
were used as standards and they were made in solution with and without 
L-cysteine. The effect of EIEs on arsenic signals was then studied with the 
above reaction solutions. The results showed that same signal 
enhancement was observed by using either As(III) or As(V) as reaction 
solution. Also, similar enhancement effects were obtained in the presence 
and absence of L-cysteine. although L-cysteine speeded the hydride 
reaction and reduced the interference in the hydride generation process. 

Stability of the Enhanced Signals 

In conventional DCP-AES, the uncertainty and nonreproducibility 
caused by EIEs is a severe problem due to variable unknown EIE 
concentrations in different samples and to the difficulty in matching the 
matrix of sample and standard solutions. However, this problem is 
overcome in the hydride generation d.c. plasma system since the hydrides 
were separated from the sample matrix, Thus alkali or alkaline earth 
elements were not introduced to the plasma from the hydride generator 
along with hydride even though they were present in the sample. 

Since separate introduction of EIE solutions through the peristaltic 
pump and pneumatic nebulizer can be easily controlled, the concentration 
of EIE in the plasma is kept constant. Reproducible germanium signals 
were obtained in with and without EIE. Eleven replicate determinations of 
0.50 ppb germanium gave relative standard deviation (RSD) of 4.7% for 
introduction of distilled water and 4.1% for introduction of 1.0 M KCI. 
Similar results were obtained for lead determination, where eleven 
replicate determinations of 2.0 ppb lead gave RSD of 6.0% in absence of EIE 
and 4.6% in the presence of 1.0 M CsCI. 
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Table 1. Experimental parameters lor hydride generation 

Element 



As 

Sb 

Ge 
Sn 
Pb 



Wavelength 

Inn] 



193.696 

259.805 
303.906 
283.999 
283.306 



Carrier Gas 
Flow Rate 
ILmm. -i) 



0.97 

0.97 
0.74 
1.21 

0.93 



Amount of 
Analyie 



5 ml 20.0 ppb 

5 ml 20.0 ppb 
9 ml 2.0 ppb 
5 ml 2.0 ppb 
5 ml 20.0 ppb 



Analyte 
Medium 



Amount ol 
NaBH* 



0.1 MHN0 3 

or 
0.1 M HNO3& 
1% L-cysteine 

0.05M HNO3 



1.5 ml 
6% 



1 ml 
6% 



0.015MHNO3& 1.5 ml 

0.4% L-Cystelne 6% 

0.05MHNO 3 + 1.5 ml 

4g solid L-Cystine 6% 

0.3%K 2 Cr 2 7 a 1.5 ml 

0.06 M malic acid 10% 



Table 2. Effect of ElEs on signal and background in the determination of As.Sb, Ge, Sn 
and Pb ' 



EIE 


EIE 


Signal I 


Enhancemen' 


t 


Background 


I increase (+) or reduction (-) based 


Compound 


Cone. 




(%) 






on a backgi 


ound signal of 300 


■- 600 (%) 






(M) 


As 


Sb 


fifl 


Sri 


Pb 


As 


Sb 


Ge 


_Sn. 


Pb 


LICI 


1,0 


24 


46 






60 


■19 


-27 






n.d. 




2.0 


24 


44 






70 


■?0 


-25 




- 


n.d 


LiOH 


0,10 


. 


. 


5 


28 


26 






n.d. 


*7 


nd 




0.50 


• 


- 


13 


30 


56 


- 


- 


n.d. 


+14 


n.d 




1.0 


- 


. 


13 


5 7 


60 


- 


- 


+6 


+ 16 


n.d. 




2.0 


- 


- 


22 


61 


70 


- 


- 


+ 16 


+18 


n.d. 


U2SO4 


0.10 


5 


29 


5 


24 


37 


n.d. 


n.d. 


. 


n d 


- 




0.50 


12 


39 


■5 


41 


64 


■10 


n.d. 


n.d. 


+6 


- 




1.0 


21 


42 


20 


4 5 


01 


■14 


-6 




♦8 


n.d. 




2.0 


28 


56 


23 


55 


73 


■ 17 


-11 


+ 10 


+ 11 


n.d 


NaCI 


0.10 


12 


1 7 


23 


39 


40 


n.d. 


+22 


n.d. 


-8 


n.d. 




0.50 


19 


24 


44 


52 


50 


-12 


+9 


- 


+ 16 


n.d. 




1.0 


21 


46 


44 


65 


60 


■19 


n.d. 




+ 16 


n.d. 




20 


31 


61 


SB 


83 


65 


-18 


■21 


n.d. 


+ 19 


n.d. 


KCI 


0.10 


5 


12 


40 


28 


30 


n.d. 


+36 


. 


+8 


n.d. 




0.50 


21 


S3 


57 


52 


50 


-19 


n.d. 


n.d 


+ 16 


n.d. 




1.0 


26 


61 


78 


66 


70 


26 


-21 


n.d. 


+ 16 


n.d. 




2.0 


19 


3 


103 


76 


88 


26 


41 


n.d. 


+21 


-6 


RbCI 


0.50 


21 


51 


. 


. 


- 


-18 


+21 


. 


. 


. 




1.0 


36 


61 


56 


46 


SO 


-30 


-20 


♦ 6 


+31 


-7 




2.0 


3« 


10 


103 


58 


50 


■30 


31 


+ 10 


+63 


■•0 


CsCl 


0.50 


31 


39 


64 


. 


35 


■33 


-37 


n.d. 


- 


-10 




1.0 


41 


75 


. 


. 


90 


■34 


-34 


- 


- 


■4 




2G 


'9 


IS 




- 


115 


■33 


-42 


• 


- 


-•a 





EIE 

Compound 


EIE 
Cone. 
'Ml 


Signal Enhancemen 
As So Ge Sn 


Pb 




BeS0 4 


1.0 
20 


12 


37 


18 
24 


-25 
-46 


14 
14 




MgSCU 


1.0 
2.0 


26 
36 


66 
66 


49 
57 


-100 


-59 




MgCI 2 


1.0 
2.0 


29 
36 


68 
76 


- 


- 


-69 




CaCl2 


1.0 
2.0 


38 
36 


56 

63 


43 
54 


-55 


73 
73 




SrCI 2 


1.0 
2.0 


38 


42 


49 
49 


-25 
-55 


95 
73 




BaCl 2 


0.50 
1.0 


19 
19 


37 

39 


29 
43 



-26 


77 
50 



Bnckg round increase (+) or reduction (-) based 
on a background signal o( 300 - 600(%) 
As Sb Qe Sn Pb 



n.d. 


+71 


+330 
+450 


+86 

+ 130 


+ 71 
+ 100 


n.d 
-6 


+ 78 
+59 


+ 150 
+260 


+ 1400 


+ 1500 


n.d. 
r».d 


+ 70 
+73 


- 


- 


+ 1500 


10 

11 


+60 

+77 


+ 110 

+360 


+270 


+ 140 
+250 


n.d. 


+74 


+ 130 
+450 


+ 180 
+300 


+ 130 
+220 


■7 

-9 


+110 
+ 110 


+320 
+580 


+ 150 
+290 


+200 
+340 



"n.d." --The change is not detectable. 
"-" - not determined 
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APPLICATIONS OF GC/MS/MS FOR THE ULTRA-TRACE 

DETERMINATION OF CHLORINATED DIBENZO-p-DIOXINS 

AND DIBENZOFURANS IN COMPLEX ENVIRONMENTAL SAMPLES 



E.J. REINER, D.H. SCHELLENBERG , V.Y. TAGUCHI , 

D.M. McCURVIN AND R.E. CLEMENT 

ONTARIO MINISTRY OF THE ENVIRONMENT 

REXDALE, ONTARIO, M9W 5L1, CANADA 

The analysis of chlorinated dibenzo-p-dioxins (CDD) and 
dibenzofurans (CDF) in complex matrices, which oftentimes contain 
chemical interferences at concentrations several orders of 
magnitude greater than those of the CDD and CDF, requires 
extensive sample cleanup prior to instrumental analysis. 
Limitations in sample cleanup place additional demands on the 
instrumentation. 

The difficulties in the analysis of environmental samples 
make selectivity and sensitivity important considerations for the 
method of choice. Capillary column high resolution gas 
chromatography / high resolution mass spectrometry (HRGC/HRMS) 
has been the standard method for analyzing CDD and CDF in complex 
matrices such as sediments, effluents and biological tissues. 

Single reaction monitoring (SRM) on tandem mass 
spectrometers can also be used to achieve the enhanced 
selectivity and corresponding sensitivity required for the 
analysis of CDD and CDD in complex matrices. The signal strength 
of the daughter or progeny ions in SRM are strongly dependent on 
a number of parameters, such as: collision gas pressure, 
collision energy, electron energy, nature of the collision gas, 
the energy of Q-, relative to Q 2 , the design of the collision cell 
and the type of the detector. In order to maximize the signal 
strength of the progeny ions, these parameters must be optimized. 

Until recently, tandem mass spectrometry (MS/MS) has been 
able to meet the requirements for selectivity but has been 
approximately one order of magnitude less sensitive than 
HRGC/HRMS methods. Optimization of tuning parameters using 1 ug 
of the analyte of interest in a direct insertion probe (DIP) [1] 
rather than PFTBA resulted in sensitivities comparable to the 
HRGC/HRMS technique reported previously [2]. Table 1: compares 
the limits of detection, reported in 1986, by three manufacturers 
of triple quadrupole mass spectrometers, using PFTBA or PFK for 
tuning, to the limits of detection that were obtained when 
dioxins and furatis were used for tuning and to limits of 
detection obtained by HRMS. Most of the limits of detection 
obtained by the MS/MS dioxin tune method are between one and two 
orders of magnitude lower than when PFTBA or PFK is used for 
tuning and almost as low as those obtained by HRMS. 

Collision induced dissociation breakdown graphs were used 
initially to optimize parameters such as collision energy and 
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collision gas pressure. The breakdown graphs for PFTBA, 2,3,7,8- 
C1,DD and 2, 3, 7,8-Cl,DF plotted vs. collision gas pressure are 
shown in Figure 1. \he optimum collision gas pressure for the 
dioxin and furan was 3.3 mtorr while that for PFTBA was 0.7 
mtorr. Figure 2: shows the breakdown graphs of PFTBA and four 
C1,DD congeners. The optimum collision energy far PFTBA was 25 
eV while those for the dioxins were between 20 and 28 eV. The 
variation in optimum collision energy for the four C1 4 DD 
congeners implies that the relative response factors within a 
congener group are dependent on collision energy. Figure 3: 
shows the mass chromatogram of a mixture of three Cl^DD congeners 
(1,2,3,4-, 2,3,7,8-, and 1,2,7,8-). Injection A was run with 
parameters set to optimize 2, 3,7, e-Cl 4 DD while injection B was 
set to optimize 1 , 2, 3 , 4-CI4DD. As expected, the signal strength 
of 2, 3,7,8-Cl,DD was enhanced in injection A and the signal 
strength of 1,2, 3 ,4-Cl 4 DD was enhanced in injection B. In order 
to obtain reproducible relative response factors, a 2,3,7,8- 
containing (the most toxic) congener was chosen for each group. 
These are shown in Table 2. 

Each probe sample was prepared by evaporating 1 ug standards 
of a furan and the corresponding dioxin with the same number of 
chlorines in the same sample cup. Each of the five cups 
(cl,DF/DD to cigDF/DD) was inserted in turn into the mass 
spectrometer using the DIP and parameters such as collision gas 
pressure, collision energy, electron energy, lens voltages, quad 
offsets, etc. were optimized for both the furan and dioxin. 

Another factor that increased the signal strength of the 
dioxins and furans was elevation of the source temperature to 
250°C, This enhanced the signal strength of the congeners of 
higher chlorine substitution. Also, a high trap current (300 uA) 
and a Finnigan 4 500 ion volume instead of the normal TSQ-70 Ion 
volume was used to increase the flux of the Ionizing electrons 
into the ion source. 

The advantages obtained by using the dioxin tune method 
include: good sensitivity - less than 1 picogram of dioxins and 
furans can be detected for all congeners; infrequent tuning - 
about 3 to 4 times a year e 200 injections / month with source 
and rod cleaning every six months (ion volumes are changed 
daily) ; and selectivity - the reduced chemical noise gives an 
increase in the S/N ratio and therefore an enhancement in 
sensitivity over single quadrupole instruments. 

Example I shows the mass chromatogram of a 500 fg standard 
injected on a 30m SE-52 capillary column with a split/splitless 
injector. Note the signal to noise is about 10:1. Example 2 
shows 2pg of 2, 3,7,8-Cl 4 DD in a fish extract injected on the same 
column using the "DOW" only cleanup. This sample was injected 
about 3 weeks after the last time the instrument was optimized 
(tuned) ■ Example 3 shows a comparison of a fish extract (Dow 
only cleanup) run on both a ZAB-2F and TSQ-70 mass spectrometer. 
Note that the chromatogram of the sample determined by MS/MS is 
much cleaner than that determined by HRMS at 12,OO0BP. Example 4 
shows the mass chromatograms of an effluent sample. Note that 
the relative response factors obtained in the GC/MS/KS mode, when 
2,3,7,8- dioxins and furans are used for tuning, are very similar 
to those obtained in the GC/MS mode. This indicates that the 
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the total concentration determination for a congener group would 
be similar in both the GC/MS and GC/HS/MS nodes. 

1. Schellenberg D.H. et al. Rapid Conm. in Mass Spectrom. , 
A, 111, (1987) . 

2. Taguchi V.Y. et al, Anal. Chea. , £0, 1429, (1988). 



TABLE l: 



MOE MS/MS COMPARISON 
LIMIT OF DETECTION 





MANUFACTURER 


PRESENT 




CONGENER 


A 


B 


C 


METHOD 


HRMS [ 1 ] 


C1 4 DD 


2 


2 


B 


0.3 


0.2 


C1 5 DD 


S 


■: 


9 


0.5 


0.2 


C1 6 DD 


10 


10 


21 


0.3 


0.2 


C1 7 DD 


1!, 


15 


i'} 


0.3 


0.2 


ClgDD 


20 


25 


3a 


0.6 


0.4 


C1 4 DF 


4 


3 


7 


0.3 


0.2 


C1 5 DF 


S 


4 


11 


0.3 


0.2 


C1 6 DF 


10 


3 


21 


0.2 


0.2 


C1 7 DF 


1'.. 


10 


20 


0.5 


0.2 


Cl a DF 


20 


20 


19 


0.5 


0.2 



ALL DATA IN PICOGRAMS 



TABLE 2: Congeners Used for Tuning ia MS jL Ms 



2,3,7,8-Cl 4 DD 

1,2,3,7,8-C1 5 DD 

1,2,3,4,7,8-ClgDD 

1,2,3,4,6,7,8-C1 7 DD 

Cl a DD 

2,3,7,8-Cl>DF 

1,2,3,7,8-C1 5 DF 

1,2,3,4,7,8-C1 6 DF 

1,2,3,4,6,7,8-C1 7 DF 
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FIGURE 2 ! COLLISION ENERGY BREAKDOWN GIWK 
COLLISION ENERGY VS %TIC 
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FIGURE 1 : COLLISION GAS PRESSURE BREAKDOWN GfWl-6 
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FIGURE 3! CUDO STANDATO5 llOOpg] 
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EXAMPLE 2 : FISH 




EXAMPLE 3: 



FISH 
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exakpu- 4: COMPARISON OF RELATIVE RESPONSE FACTORS 
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DEVELOPMENT OF GC CAPILLARY COLUMN FOR 
ANALYSES OF MOST TOXIC ISOMER OF PCDD, PCDF 
AND PAH IN ENVIRONMENTAL SAMPLES. 

K. P. Naikwadi', B. Ross and F. w. Karasek 

Department of Chemistry. University of Waterloo, Waterloo, Ontario. N2L 3G I . 

ABSTRACT: 

Analysis of polychlorinatcd dibenzo-p-dioxins (PCDD) and polychlorinated 
dibenzofurans (PCDF) has been performed using gas chromatography mass 
spectrometry (GC-MS). Analysis of the most tonic isomers, in particular, 2.3,7,8- 
substiluted PCDD/PCDF in the presence of other isomers requires a special isomer 
specific capillary column or high performance liquid chromatography (HPLC) 
fractionation prior to GC-MS analysis. Commercially available long (>50 m) polar 
columns can separate 2,3,7,8-TCDD from other letra isomers However, those 
columns are not satisfactory for the analyses of total PCDD PCDF in the 
environmental samples. Gas chromatography -high resolution mass spectrometry (GC- 
HRMS) and GC-MS/MS techniques are not helpful in the analysis of 2,3,7,8-TCDD 
unless it is separated from the other tetra isomers. The analysis of 2.3.7,8-TCDD and 
total PCDD and PCDF in a single GC-MS run can case the laborious techniques 
presently used. In this study we have developed a new stationary phase for the GC 
capillary column. The capillary column developed using this new stationary phase 
showed unsurpassed selectivity for the separation of 2,3,7,8-TCDD from other tetra 
isomers. There are several advantages of the newly developed GC capillary column. 
It can be used for the analyses of total PCDD/PCDF in addition to 2,3,7,8 TCDD in 
all kinds of environmental samples. The most toxic 2,3.7,8-TCDD is eluted as the last 
isomer in all 22 tetra isomers using the new column with GC-MS. More than one 
minute retention time difference between 2,3,7,8-TCDD and the closest eluting 
1,2,8,9-TCDD isomer guarantees no overlap even in the case of column deterioration 
or a very high concentration of 1 ,2,8,9-TCDD Separation and quantitation results for 
2,3,7,8-TCDD in various environmental samples using a column developed in this 
study and a commercial polar column (SP-2331) are compared. Applications of the 
newly developed column for the separation or other toxic isomers which art- difficult 
to separate on conventional columns will also be discussed. 
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INTRODUCTION: 

The analysis of environmental samples for PCDD requires rigorous methodology for 
positive identification and quantitation. Environmental samples give several difficulties due 
to sample complexity and strong interferences of other chlorinated organic compounds GC- 
MS in the electron impact selected ion monitoring (EISIM) mode is generally used for analysis 
of PCDD. Use of open column chromatography and HPLC for sample clean up and then GC- 
MS analysis or PCDD in fish ', sediments ', fly ash ** samples have been reported. Extreme 
care is required in sample preparation and measurement procedures in order to eliminate the 
possibility of false positive or false negative results due to interferences. This difficulty in 
PCDD analysis can be eased if samples are spiked by a C- 3 labelled dioxin mixture 
containing all the C-13 labelled dioxin isomers 1 ". However, the analytical methodology can 
be simplified if a gas chromatographic column can separate the interfering compounds as well 
as the isomers in all congener groups of dioxins and dibeniofu-ans Based on the results of 
whole animal studies and in vitro assays, the symmetrically substituted 2.3,7,8-TCDD Isomer 
appears to be the most toxic. A factor of 100 to 10,000 difference in toxicity can be found for 
the closely related 2,3,7,8-TCDD and 1,2,3,8-TCDD isomers'-" Current techniques for the 
analysis of 2,3,7,8-TCDD in environmental samples are time consuming and not completely 
satisfactory. This paper shows the unique selectivity of a capillary column developed in our 
laboratory for the separation of 2,3,7,1-TCDD/TCDF from other tetra isomers. Separation of 
the most toxic 2.3.7,8-substituied PCDD/PCDF isomers also can be achieved on the new 
capillary column using GC-MS/EISIM technique. 

EXPERIMENTAL: 

The GC-MS system used was a Hewlett Packard 5987 with an HP 1000 data system, cool 
on column injector, and splitless direct interface between the GZ and MS. 
Fused silica capillary tubing (25 m X 0.32 mm I.D.) was coated using the static method by 
the newly developed liquid crystalline polysiloxane stationary phase. The column was then 
conditioned by heating from 40°C to 270°C at 2'C/niin. The following temperature program 
was used Tor analysis of PCDD/PCDF using the new column in GC-MS. 

Oven temperature 80t for one minute 

program med to 200°C at 4°C/minute 

programmed to 260°C at 2t/minute 

final time 30 minutes. 

The ion source temperature was 200°C. A mixture of PCDD/PCDF synthesised in our 



281 



labors lory and individual standards of 2,3,7,8-substituted PCDD/PCDF isomers available from 
commercial sources »ere used to determine the selectivity of newly developed column. The 
ions monitored for the tetra- to octa-chlorinated dibenzo-p-dioxins and dibenzofurans were 
M, M+2, M+4 or M+2, M+4, M+« for each congener group. The PCB mixture containing many 
different isomers w3s prepared by mixing the commercial Aroclors (1216, 1242, 1248, 1254 
and 1260). 

RESULTS AND DISCUSSION: 

The complete separation of 2,3.7,8-TCDD from all olher tetra-CDD isomers and from 
PCB using newly developed capillary column by GC-MS is shown in figure 1 . For the positive 
identification and quantitation of 2,3,7,8-TCDD in complicated environmental samples such 
as PCB accidental fire samples, it is necessary to separate 2,3,7,8-TCDD from interfering PCB. 
It can be seen from figure I (mass chromatogram for 2,3,7,8-TCDD, trace C) that 2,3,7,8- 
TCDD has been completely separated from peaks produced by PCB (mass chromatogram for 
321.9 ion, trace A) that can interfere in TCDD quantitation. The selectivity based on the 
molecular weight can be achieved using HRGC-MS/E1SIM or HRGC-HRMS or HRGC- 
MS.'MS techniques. However these techniques are not useful for the separation of 2,3,7,8- 
TCDD from other tetra isomers. It can be seen from figure I that 2,3,7,8-TCDD h3s been 
completely separated from all tetra-CDD (see figure 1, trace B, and C) isomers in the synthetic 
mixture. The selectivity of this new column can be explained based on the mechanism of 
separation on liquid crystal stationary phases. From the isomers with similar volatilities , the 
linear and symmetrical isomers will be retained longer than the bulkier isomers because the 
linear and symmetrical isomers favours the geometry of the liquid crystal stationary phase. The 
2,3,7,8-TCDD is the most symmetrical and linear of all 22 TCDD isomers and hence elules 
after al! TCDD isomers. The separation achieved using the new column and GC-MS selected 
ion monitoring (SIM) technique for a synthetic mixture that contain all isomers of retra- to 
octa-chlorodioxin congeners is shown in figure 2. The last peak in the mass chromatogram for 
TCDD was confirmed to be 2,3,7,8-TCDD. Identification of other separated isomers, in 
particular, 2,3,7,8-substituied PCDD using this column is shown in figure 2. Separation and 
identification of 2,3,7,8-substituted PCDF is under investigation. There are several advantages 
of the newiy developed column for analysis of environmental samples. It can be used for the 
analysis of the total PCDD/PCDF in addition to 2,3,7,8-TCDD in all environmental samples. 
The most toxic 2,3,7,8-TCDD is cluted as the last isomer in all 22 TCDD isomers. More than 
one minute retention time difference between 2,3.7,8-TCDD and the closest fluting 1,2,8,9- 
TCDD isomer guarantees no overlapping in the case of minor column deterioration or a very 
high concentration of 1,2,8,9-TCDD. 

Separation of polycyclic aromatic hydrocarbons achived using the new column is shown 
in figure 3. Unique selectivity for the separation of anthracene from phenanthrene and 
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benzo(s)pyrene from benzo(e)pyrene shows ihe potential of the new column for separation of 
structural isomers that are difficult or impossible to analyze ising commercially available 
columns. 
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SEPARATION OF TETRA- TO OCTA- CHLORODIBENZO-p-DIOXINS SYNTHETIC MIXTURE USING 
LIQUID CRYSTAL FUSED SILICA CAPILLARY COLUMN, 25 m x 0J2 mm ID. BY GC-MS SYSTEM 
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SOLID SUP PORTED ISOLATION AMD DERIVATIZATIOH; AH APPROACH TO 
APTOMATIOM TOK AMALYBIB OF EWVIROHMENTAL WATER. 
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Determination of the ehlorophenoxy acetic acid (CPAA's) 
herbicides and the corresponding breakdown products from water ie 
the chlorophenols (CP's) requires two major processes. Analytes 
must first be isolated from matrix and then derivatized at the 
acidic functionalities. Pentaf luorobenzylation (1) , silylation 
(2) with cyano containing reagents and esterif ication with 
methanolic BC1 3 (3) have been used to prepare the derivatives for 
gas chromatographic determination of parent herbicides and the 
corresponding phenols. Standard EPA procedures are based on 
derivatization with pentafluorobenzyl bromide (PFBBr) but the 
process is complex and involves use of toxic catalysts such as 
crown ethers (1) . The appropriate use of solid supported processes 
could be used to simplify such procedures and eliminate the use of 
toxic materials in the analytical laboratory. 

There are two distinct processes that can be exploited in 
sample preparation. The first is adsorption used for isolation of 
organics from aqueous matrix (A). The second is process is solid 
supported reaction. Use of in-line and off-line solid supported 
reactions in automated and semi-automated determination of drugs 
by high pressure liquid chromatography has been described and 
rev iewed (5,6) . 

We investigated the use of XAD-2 solid supported reactions of 
CPAA's and CP's in aqueous solutions. This approach was taken to 
reduce the technical complexity of sample preparation and to 
improve the occupational safety of the analyst. Electrophorlc and 
water insoluble pentafluorobenzyl (PFB) derivatives suitable for 
gas chromatography were prepared directly from buffered water by 
reaction of CPAA's and CP's with PFBBr supported on XAD-2 (7-12). 
Derivatization with Benzyl bromide (BzBr) was also investigated as 
a means of reducing the amount of interferences encountered with 
PFBBr. In conjunction with this derivatization procedure we also 
developed in-line chromatographic separation of derivatized 
analytes from each other and from interferences. 

EXPERIMENTAL : 

Apparatus : The derivatives of the analytes were determined on a 
Helwett-Packard (H-P) 5710 or 5790 gas chromatograph equipped with 
a pulse linearized electron capture (ECD) . The 5710 instrument was 
equipped with a 15 m DB-1 megabore column with an inner diameter 
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of 0.53 mm and a film thickness of 1,5 micrometers. The 5790 
instrument was equipped with a 30 m DB-1 J & W fused capillary 
column with an inner diameter of 0.32 mm and a film thickness 0.25 
micrometers. The output of the detectors was monitored on H-P 
3390A recording integrators. Hydrogen was used as a carrier gas 
for the megabore column the flow rate was set at 4 mL/min and for 
the capillary column it was set at a linear velocity of 62 cm/sec 
at 180 C and 10 % methane in argon was used as a make-up gas at a 
flow rate 15 ml/min. 

Reagent a: Pentaf luorobenzyl bromide and BzBr were purchased from 
Caledon Laboratories, Georgetown, Ontario, and from Aldrich Canada 
respectively. The macroreticular resin, XAD-2, a cross-linked 
copolymer of styrene/divinylbenzene was obtained from BDH 
Laboratories, Toronto, Ontario and was cleaned and stored as 
previously described (13). Florisil, basic alumina, disposable l 
»1 Supeiclean columns for semi -preparative chromatography and a 
vacuum module were also purchased from Supelco (Canada) Oakville 
Ont. Solvents were purchased from the usual commercial suppliers, 
such as Fisher, BDH and Aldrich Canada. Pure analytes were 
obtained from the E.P.A Repository. 

All the glassware was silylated by standard procedures. 
Glassware and plasticware was washed with methylene dichloride, 
methanol, acetonitrile and dried prior to use. 

Preparation^ of. £££ and Bi Derivatives : Derivatives of the pure 
analytes were prepared by stirring of the organic acid in acetone 
with PFBBr or BzBr with Kj,C0 3 as the base. Reaction work-up 
consisted of evaporating the acetone, extracting the residue with 
CH 2 C1 2 and finally washing the organic phase with distilled water. 
The PFB products were purified by thin-layer chromatography. 

Privatization and isolation: Three hundred iG of XAD-2 was added 
to glass 16X100 mm or 25X200 mm screw cap vials and wetted with 300 
uL of acetonitrile. The smaller reaction vials were charged with 
4 mL of 0.1 M Phosphate buffer at pH 7.4 and containing 5 nG/mL 
each of 2,4-Dichlorophenol (2,4-DiClCP) 2,4,5-Trichlorophenol 
(2,4,5-TriClCP) and 2, 4-Dichlorophenoxy acetic acid (2,4-DiClCPAA) . 
The larger vials were charged with 20 mL of the phosphate buffer 
but containing only the 2,4-DiClCPAA. For recovery studies the 4 
mL or 20 mL of aqueous phase were treated with C radiolabeled 
2,4-DiClCPAA. 

The reaction was initiated by adding 150 uL of reagent (PFBBr 
or BzBr) in hexane (1/9 v/v) and the reaction mixture was shaken 
in a water bath for varying times at 40"C or 50'C. The resin was 
isolated by filtration in a 5 mL Supeiclean cartridge and washed 
with distilled water which was removed by suction. After removal 
of bulk water by filtration, 100 jtL of acidified 2,2- 
dimethoxypropane (DiMP) was added as a water scavenger and allowed 
to remain in contact with the resin for 15 minutes. Excess 
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scavenging reagent and products of hydrolysis (acetone and 
methanol) were removed with a slow stream of nitrogen at room 
temperature. 

For the purification of the PFB derivatives cartridge 
containing the dried XAD-2 was then inserted Linked in series to 
a 1 mL cartridge containing Florisil and a 1 mL cartridge 
containing basic alumina. Elutions were carried out using a 
Supelco vacuum nodule. Derivatized phenols were eluted from the 
XAD-2 - Florisil - Alumina link with 30 mL (3 column volumes) 
hexane/ toluene (95/5 v/v) . The Florisil and Alumina columns were 
then separated. In one experiment the 2,4-DiClDPAA PFB ester was 
eluted with 30 mL 25% and 30 mL 50% CH 2 C1, in hexane. In a second 
experiment the Florisil column was linked to a silica gel column 
and the link was washed with 30 mL 25% and 30 mL 50% CHjClj in 
hexane with the analyte eluting in the latter eluent. 

For isolation of 2,4-DiClCPA Bz ester the cartridge with the 
XAD-2 was simply linked to a column of florisil. The linked system 
was washed with 24 mL hexane followed by hexane/ toluene (95/5 
v/v). The 2,4-DiClCPA Bz ester was eluted with 50% hexane/ CH 2 C1 2 . 

Cas Chromatography : Samples were analyzed by gas chromatography 
with electron capture using the columns described above. For the 
capillary column the following temperature conditions were used: 
170-215'C at 4'C/min; 215"C to 300*C at 20 *C with a 2 minute hold 
at 300'C. For the megabore the initial temperature was 170*C, the 
rate of increase was 4'C and the final temperature was 290*C. 
There was no delay at the initial or final temperatures. 

Calculation of Yield and Reaction Rata : Yield of the reaction 
was calculated based on the recovery of radiolabel when the 
reaction was carried out with C 14 2,4-dichlorophenoxy acetic acid. 
The PFB derivative, but not the parent carboxylic acid, eluted from 
the chromatographic systems described above; accordingly the 
recovered radiolabel represented the yield of the reaction for 
carboxylic acids. The reaction rate was calculated form the rate 
of disappearance of the radiolabel from aqueous solution. 

REBDLTB AND DIBCOSSION : 

Development of analytical techniques for the determination of 
herbicides and related compounds requires that several distinct 
problems be addressed. Firstly two distinct functional groups, the 
carboxyl and phenol are involved. Many herbicides contain the 
former functionality but are degraded in the environment to 
phenols. Secondly, numerous interferences are found in water 
matrix. 

Derivatization of organic acids in heterogeneous aqueous/ 
organic systems requires that pH be 2 log units above the pKa of 
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the acid in order to ionize the acid. Accordingly at alkaline 
conditions both the phenols and 2,4 dichlarophenoxy acetic acid 
should be expected to react. In our hands, the FFB ester of the 
acid was not recovered at alkaline conditions whereas PFB ethers 
of 2,4-DiCP and 2,4,5-TriCP were formed and isolated. The reason 
for this is not clear. This is the only carboxylic acid which 
could not be pentaf luorobenzylated under these conditions. 

Simultaneous adsorption/ derivatization to PFB derivatives of 
all the analytes was possible at pH 7.4. Thus both parent 
herbicide and the degradation product could be isolated under the 
identical reaction conditions. Amongst all phenols studied to date 
in our laboratory (7,10,12,13) only the chlorinated analytes were 
derivatized by XAD-2 supported derivatization at pH 7.4. This 
reflected the lower pKa of chlorophenols, the irreversible reaction 
and the lipophilicity of the products. 

Isolation coupled with pentaf luorobensyaltion in a single step 
was insufficient for developing methods of high sensitivity. The 
matrix of lipophilic compounds that can interfere, even when 
limited to ordinary laboratory reagents and water, is quite complex 
and is particularly "rich" in even carbon numbered organic acids 
of mammalian origin. Separation of derivatized analyte fron such 
interferences was essential. Linking the XAD-2 resin reactor bed 
directly to the chromatographic columns proved a viable separation 
system; providing that the chemical drying step with DiMP was used- 

Florisil alone was not effective at separating the PFB 
derivatives of the analytes from the some of the interferences 
since many of these compounds co-eluted with PFBBr. As a result 
more complex linked system consisting of an XAD-2 - Florisil - 
Basic Alumina followed by XAD-2 - Florisil - Silica Gel were 
investigated (Fig. 1). The second link was required because 2,4- 
DiClCPAA PFB ester could not be recovered from basic alumina which 
was effective at retaining the interferences to determination of 
PFB ethers of the phenols. Moreover, Florisil alone was not 
effective at completely removing interferences to determination of 
2,4-DiClCPAA PFB ester. Thus after elution of the PFB-ethers the 
Alumina column was removed and the Florisil column linked to a 
Silica Gel column. Eighty to 90% of the derivatized fatty acids 
were eluted from the XAD-2 -Florisil - Silica Gel link with were 



290 



XAD-2 
REACTOR BED 



FLORISIL 



(1) 



—BASIC — 

ALUMINA 



Elute PFB ethers 

the CP's with 

5% toluene/hexane. 

Break the link 
between Florisil 
and BASIC ALUMINA 

Link the FLORISIL to 
the SILICA GEL 



(2) 



SILICA 
GEL 



Elute PFB fatty 
acid esters with 
25% toluene/hexane. 



FLORISIL 



Elute PFB ester 
of 2,4-DiClPAA 
50* CH 2 Clj/hexane 



Figure 1: Schematic for semi-preparative chromatographic isolation 
of PFB ethers of 2, 4-Dichlorophenol 2,4, 5-Trichlorophenol 
and the PFB ester of 2,4-Dichlorophenoxy Acetic Acid 

The 2,4-DiClCPAA PFB ester was eluted from the XAD-2-Florisil- 
Silica Gel link with 50* CH 2 Clj in hexane but this fraction 
contained the remaining portion of the fatty acid PFB esters. 
Recoveries for pentafluorobenzylation of 2,4-DiClPAA with PFBBr 
from 4 mL and at a reaction time of 2 hours was 66*. From 20 nL 
the yield at 4 hours was 50%. 

Derivatization with BzBr was investigated in order to simplify 
the semi-preparative chromatographic clean up and eliminate 
interferences due to fatty acids. The rationale was that this 
reagent would not produce any electrophoric derivatives or by- 
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products which were found with PFBBr and which necessitated the 
complex chromatographic procedure. The reaction with B2Br 
proceeded at a somewhat slower rate. Yield for esterif ication of 
2,4-DiClDPAA with BzBr from 20 mL was 30% in a 4 hour reaction time 
and 50% in 24 hours. The purification of the 2,4-DiClDPAA Bz ester 
was markedly simplified and semi-preparative chromatography on a 
single column was sufficient to produce an isolate that contained 
only the derivative and interferences due only to endogenously 
eleetrophoric materials in solvents, glassware and plasticware 
(16). These compounds were found in the sample, the blank 
containing BzBr, in the blank that contained no reagent and two 
compounds were found in residues of evaporated hexane and CH..C1, 
(Fig. 2). Future work will reduce these interferences by being 
carried out in glass cartridges. 

It proved difficult to improve the reaction rate because the 
kinetics appear complex for slow reacting compounds such as 2,4- 
DiClDPAA. Although the products are formed by nucleophilic 
displacement the kinetics are not first or pseudo first order. 
Moreover the reaction yield does not increase as the ionic strength 
or as the amount of BzBr provided at least 15 uL of reagent are 
used. The effects of temperature are also minimal with 
statistically insignificant differences observed at 40°C and 50 "C. 
This complexity of the kinetics may result from hydrolysis of BzBr 
to benzyl alcohol which can complicate the kinetics by two 
mechanisms. The first mechanism is via destruction of the reagent 
during by hydrolysis. This would increase with an increase in 
temperature thus offsetting the increase in reaction rate with 
temperature. A second mechanism producing reduced yield may be 
result from inhibition of XAD-2 supported esterif ication of 
carboxylic acids by alcohols (17). Since the reaction is slow the 
rate of hydrolysis of BzBr may be competitive with esterif ication. 
The resulting increase of benzyl alcohol could inhibit the 
reaction. This possibility is currently being investigated. 
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Figure 2: GC/ECD trace of an isolate from benzylation and 
purification of 20 mL phosphate buffer containing 3 nG/mL 2,4- 
DiClDPAA: (a) 2 , 4-DiClDPAA Bz ester; (■) solvent contaminants; 
(t) cartridge contaminants. 
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ABSTRACT 

A radioimmunoassay (R1A) and two indirect enzyme immunoassays for picloram (4- 
amino-3, 5, 6-trichlorO-2-pyridinecarboxylic acidl were developed for the 
detection of the herbicide in river water, urine, as well as soil and plant 
extracts. The RIA method incorporated a novel radioLabel consisting of 
[ H]glycine covalently linked, to picloram. Using the RIA procedure, unknown 
picloram concent rat ions in the range of 50 to 5,000 ng/ml could be detected in 
river water and urine when a standard curve was prepared in the respective 
matrix. The two indirect enzyme assays were compared in terms of sensitivity, 
accuracy and precision for detection of unknowns in various matrices using 
standard curves prepared in buffer. The assay using a rabbit anti-picloram 
serum had a linear working range from 5 to 5000 ng/ml with l 40 ranging from B0 
to 200 ng/ml and a lower detection limit of 5 ng/inl. The assay using & 
monoclonal antibody obtained from a mouse hybridoma cell line yielded a linear 
working range from 1 to 200 ng/ml with I 50 values ranging from 8 to 12 ng/ml and 
a lower detection limit of 1 ng/ml. Prom the analysis of fortified river 
water, soil extracts, plant extracts, and urine, the monoclonal antibody-based 
assay was shown to be more sensitive, more accurate, and more precise than the 
polyclonal antiserum-based assay. 

INTRODUCTION 

Picloram is used far the control of woody and broad leaf herbaceous 
plants. It is relatively resistant to breakdown in the environment and has 
been found to be mobile in the soil (1). Picloram residues have been found in 
surface and groundwater samples f 2 4 3 ] . The mobility in the environment shown 
by picloram along with the susceptibility of certain crops to extremely small 
amounts of this compound \A) make monitoring water for picloram residues 
naceeeary , 

In disciplines such as clinical chemistry and endrocrinology , 
lmmunochemistry ie often the analytical method of choice because of its 
sensitivity, specificity, speed of analysis, ease of automation, cost 
effectiveness, and general applicability. The potential of immunochemical 
technology for pesticide residue analysis in various g-abatrates such as Soil, 
water, plants, urine, and blood has been examined by several authors < B - 11 ) . 
Many pesticides, including picloram, require an extensive sample preparation 
including derivatization before they can be analyzed by gas chromatography. As 
alternative methods, immunoassays can be sensitive, specific, and precise 
providing for rapid, cost effective analyses. Immunoassays may be based on 
polyclonal or monoclonal antibodies. The former is a Heterogenous mixture of 
proteins isolated from serum that represents a variety cf antibody molecules of 
differing specificities and affinities. In contrast , the latter is a 
homogenous reagent possessing a single antibody specificity and affinity. In 
a variety of assay systems, either monoclonal or polyclonal antibodies may have 
certain advantages over the other. For a detailed description and comparison of 
polyclonal and monoclonal antibodies, the reader is referred to the text by 
Bola (£2) * 

The majority of published immunoassay techniques for pesticide detection 
employ polyclonal antibodies. In a review of immunoassays for agrochemicals, 
Mumma and Brady (10) cite 49 assays employing polyclonal antibodies and only 12 
employing monoclonal anti-bodies. The reason for this discrepancy in popularity 
may be that polyclonal ant ibody-baeed assays, at first examination, are easier 
to develop. However, when used as reagents for the quantitation of pesticide 
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residues, monoclonal antibodies have certain advantages aver polyclonal 
antibodies which include; ij hybrid cells can be cuitured indefinitely, either 
In vivo or in vitro to yield a potentially unlimited supply of homogenous, 
standardized reagent ; II ) during the hybridomjL selection process , the 
investigator can select a hybrid cell producing the desired antibodies In terms 
of specificity and affinity; iii) the monoclonal antibody will be free of 
antibodies that are specific for irrelevant antigens which nay interfere with 
the assay's performance; and iv> cross-reactivity with structurally similar 
molecules (e.g. other members of a pesticide class) can be selected for or 
against depending upon whether the investigator desires an assay to detect a 
single pesticide or a class of pesticides 1 13, 14 ) - Despite these issues which 
favor monoclonal antibody-baaed assays, it is possible to develop excellent 
Immunoassays based on polyclonal antibodies. 

In this paper, we will review our previous research on a radioimmunoassay 
{RIA} procedure for the detection and quantitation of picloram uaing polyclonal 
ant i sera ( 15) . Furthermore, we will also discuss our research on indirect EIA 
procedures using monoclonal and polyclonal antl-picloram antibodies which were 
compared in terms of the characteristics of the standard curves and performance 
baaed on the determination of picloram in fortified water, soil extracts, plant 
extracts, and human urine samples (16) ■ 

materials and mkthods 

Preparation of Immunogens. Picloram was conjugated to BSA as described by 
Hall et ll', [ljij and Fleeker (12)- Equimalar amounts of ( l *C]pielorani (46 mg, 
45. S 8q), NHS (22 rag), end DCC (39 mg) were dissolved in the sequence given in 
3'5 nL of dioxane. The solution was allowed to stand at room temperature for 
approximately 18 h at which time it was filtered to remove the precipitate. 
The filtrate was evaporated to dryness on a rotary evaporator under vacuum at 
35"C. A solution of BSA (500 mg) dissolved in 3 mL of 0.10 M borate buffer (pH 
9) was added to the residue and the mixture was agitated gently for 1 h at room 
temperature. The resulting solution was dialyzed against several changes of 
deionited water over 36 h at 4"C and lyophilited. The amount of herbicide bound 
to BSA was estimated by measuring l4 C present in weighed portions of product 
dissolved in P&S. Approximately 15 to 20 molecules of picloram were bound per 
BSA molecule. 

Preparation of Coating Conjugates. Picloram (50 mg} was dissolved in 5 
mL thionyl chloride (SGC1,) in a small boiling flask. The solution was refluxed 
for 2.5 h at BS °C to form the acid chloride of picloram. Excess thionyl 
chloride was removed under vacuum at 60 t on a rotary evaporator. The residue 
was dissolved in 2 mi, of tetrahydrofuran (THT). The picloram acid chloride 
soiution was added slowly with stirring to 200 mg HSA in 10 mL of 0.02 N NaOH. 
Before the addition of the acid chloride solution was completed, precipitate 
formed which did not re-eoiubiliite after stirring for IB h at room temperature. 
Dilution of the reaction mixture to 200 mLs with 0.02 N NaoH succeeded in 
dissolving most of the precipitate. The resulting suspension was centrifuged 
to remove any precipitate. The supernatant was dialyzed against cold flowing 
tap water for 24 h end lyophilized. 

Production of Polyclonal Anti-Picloram Antibody, Picloram antisera was 
obtained from New Zealand White rabbits following the protocol described by 
Hall et a 1 . ( 15 ) . The rabbits were Ln jected eubcutaneously with an emu Is ion 
consisting of 0.5 to 1.0 mg immunogen dissolved in 0.5 raL of PBS and an equal 
volume of Freund's complete adjuvant. The injectiona were repeated 3, 6, and 
10 days after the initial injection, substituting Freund's incomplete adjuvant 
for complete adjuvant, a booster injection was given one month after the 
initial injection and was repeated at monthly intervals thereafter. The 
rabbit3 were bled for antibody titer determinations 10 days after each boost. 
Antisera for picloram immunoassay development were prepared from a single bleed 
in each case . 
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Production of Monoclonal Ant i- Picloram Antibody. Ten 11 -weak-old nice 
were injected intraperitoneally with a total volume of 250 uL of a 1:1 (v/v) 
mixture of 70 ug of inmunogen dissolved in phosphate buffered saline and 
Freund'9 complete adjuvant {16) . Secondary inoculations were given three and 
a levari weelts after the initial immunization. One week, following each secondary 
inoculation, the mice were bled from the ret co-orbital plexus and the anti- 
piclaram serum antibody titer was determined using the RIA procedure described 
by Ha.ll et al. (.15) . A serum sample was considered positive for anti-pieloram 
antibody activity if binding of the picloram radiolabel was more than twice the 
level of non-specific binding. 

The spleen was removed and cut into several small pieces and was gently 
forced through a 400 mesh stainless steel screen into a second Petri dish which 
also contained RPHI medium. The cell suspension was transferred to a sterile 
centrifuge tube and any large tissue aggregates were removed by the 
sedimentation procedure described by shortman et ai. (ljlfr. The suspension was 
centrifuged {200 x g) for 10 minutes and the cell pellet was resuepended in 
fresh medium. Cells in trypan blue viability stain were enumerated 
microscopically. The spleen cells were mixed with an equal number of SP/2 . 
myeloma cells in the semi-log growth phase in RPMI medium. The cell mixture 
was centrifuged (200 x g) for 10 minutes and the cell pellet was suspended in 
1 ml of polyethylene glycol (3 000 - 4 000 mol. wt* range) at 37 °c. The 
suspension was mixed continuously for one minute, followed by the addition of 
1 mL of RPMI medium and another one minute of continuous mixing. An additional 
9 mi, of RPMI medium waa added aLowly with mixing- The fusion products were 
centrifuged at 200 x g for 10 min, the supernatant discarded, and the cell 
pellet resuspended in RPMI medium supplemented with 101 fetal bovine serum, 101 
NCTC-109 medium and 1% BAT. The cell suspension was dispensed (100 uL/well) 
Into six sterile 96-well microtttration plates. The plates were Incubated at 
37 a C in an atmosphere of S\ CO a in air. 

The culture showing the beet results from an EIA assessment designed to 
detect the presence of picloram specific antibodies was selected for the 
limiting dilution procedure to aeheive the clonality of the hybridoma cells, A 
dilution was calculated to yield one cell per well of a 96 well microtitration 
plate. The wells of tha plate were checked daily far the presence of a single 
colony. Once a colony was visible, it was fed with 125 uj, of RPMI medium. 
Supernatant (125 uL) was removed from the well for screening by EIA when the 
cellB of the colony were one— quarter to one-half confluent. Cells from 
colonies testing positive for anti-picloram antibody activity were transfered 
to 24 well plates, rescreened by EIA and transfered again into 25 cm : flasks if 
they remained positive for picloram antibodies. The limiting dilution 
procedure was repeated to ensure monoclone lity. After a final assessment by 
EIA, the cells producing the monoclonal antibodies specific for picloram were 
collected for the production of ascitic fluid in mice. 

Mice were given an in j act ion of 0.5 ml pri stane ( 2 , 6, ID , 14- 
tetramethylpentadecanej, a hybridoma growth promotinc compound. Seven days 
later, the mice were injected with 3 x 10 s hybridoma" cells in 200 uL of PBS 
supplemented with 5% fetal bovine serum. Approximately two weeks following the 
injection of cells, ascites fluid was withdrawn, centrifuged to remove rad 
blood cells, and frozen at -20 °C until used. 

Preparation of Radio label. The mixed anhydride of picloram was prepared 
by adding picloram (6 mg), triethylamine (5 uL) , and isobutyl chlorafonnate (5 
uL> in the sequence given to 500 uL of dioxane. A portion of the mixed 
anhydride solution (100 uL) was added to a solution of 100 uL of J 3 HJglycine 
(0.1 mCi), 100 uL of dioxane, 100 uL of distilled water, and 2 uL Of 2 M MaOH. 
After 1 h, an additional 2 uL of NaOH was added. The reaction was allowed to 
proceed for a total of 4 h at room temperature. 

The pic loram-[ *H] glycine conjugate was isolated and purified by 
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chromatography on oi.li.ca gel TLC as described by Hall et al. (15) using the 
solvent system 6Q;40;2 diethyl ether: petroleum ether: formic acid (v/v/v). 

Sample Preparation, Hater was collected from the Speed River, Gueiph, 
Ontario and stored at 4 fl C. The water was fortified with an acetone solution of 
picloram. Soil (40 g) was shaken 15 min with 200 oaL of a 1:1 methanoi/watar 
solution. The mixture was filtered through a glass fibre filter and the 
rnethanol was removed under vacuum at 50 °C. The volume of the resulting aqueous 
solution was returned to 100 mL with Pi buffer (0.1 M phosphate, 1 mH HgCl a , pH 
7.5) and filtered through a 0.45 urn nylon filter. The filtered extract 
solution was fortified with an acetone solution of picloram. Grass clippings 
(20 g) were homogenized in 100 mL of 0.1 N KOH with 10* KC1 . The homogenate 
was shaken for 30 min and filtered through a glass fibre filter. The filtrate 
was acidified to pH 2 with 3 N H 3 SO,, refrigerated at 4 °C for 30 min and 
centrifuged at 3Q0G x ff for 10 min. The volume of the supernatant was made up 
to 100 mL with Pi buffer and aliguots were fortified with an acetone solution 
of picloram. Prior to analysis, 10.00 mL of the fortified solution was forced 
through a c ia reversed phase liquid chromatography column. The column was 
washed with 5 mL of water and dried with a gentle stream of forced air for 1 
min. The column was eluted with 9 mL of methanol. The eluate was evaporated 
to dryness and the residue was redissolved in 10.00 mL of Pi buffer. Human 
urine was fortified with picloram and 10 mL aliguots were acidified to pH 2 
with 3 N H : So 4 . The picloraia was extracted three times with 3 mL portions of 
diethyl ether. The ether fractions were pooled and evaporated to dryness- The 
residue was redissolvwd in 10 mL PI buffer, and cetrifuged at 12 000 x g for 10 
min. 

Recover Ibs for the extractions described above were determined using 
| 1 *CJpicloram added to soil, grass clippings, and urine, respectively. 
Recoveries were 95% for the soil extraction, 90% for the plant extraction and 
90% for the urine extraction. 

Indirect Knxyme Immunoassay. The following procedure is a modified 
version of that described by Deschamps et al. j 16 ) ■ 

Hicrotitration plates were coated by adding to each well 100 uX» of 
coating conjugate dissolved in Pi buffer (0.1 ug coating antigen per mL). The 
platen were incubated overnight at 4 °C The plates were emptied and washed 
three times with washing solution (Pi buffer supplemented with 0,1% Tween 20). 
If the plates were not to be used immediately, they were wrapped with plastic 
and and stored at 4 *C for up to 24 h. 

Sites on the polystyrene well surface unoccupied by coating conjugate 
were blocked by adding 300 uL of 0.1% (w/v) gelatin solution in Pi buffer and 
incubated for 20 min at 4 °C. The plates were emptied and washed as described 
above. 

Antiserum diluted 1 to 20 000 or ascites fluid diluted 1 to 10 000 in Pi 
buffer supplemented with 0.05% Tween 20 surfactant (5) were preincubated 1:1 
<v/v) with picloram standard or sample solutions. Aliguots of the preincubated 
mixture were transfered to the wells of the nicrotitration plate [200 uL per 
well). The plates were incubated for 1 h at 4 °C. 

After washing the plates as before, 200 uL of goat anti-rabbit or goat 
anti-mouse IgG-horseradish peroxidase conjugate diluted 1 to 5000 in Pi buffer 
was added to each well and the plates were incubated for 1 h at 4 °C, emptied 
and washed. 

Substrate (1 aq/mL ABT5, 1 mg/mL urea hydrogen peroxide in citrate 
buffer: 0.024 H citrate, 0.047 H phosphate, pH 5.0) was added and color was 
allowed to develop for 30 min. The color reaction, was stopped by the addition 
of 100 uL 0.5 K citric acid. AbSorbance of each well was measured at 405 run 
with a microtitre plate reader. Absorbance values of the standards and the 
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samples (A) were divided by the maximum absorbance value {A ) representing those 
wells in which binding of antibody to the coating conjugate was not challenged 
with free plclaram in solution. The A/a o values foe standards were plotted 
against the log of picloram concentration to construct a standard curve. 
Concentrations cf samples were calculated on the basis of the standard curve. 

R1A Procedure. The RIA procedure described by Hall et at. f 15 ) was used. 
Into 1.5 nL microcentrifuge tubes was tranafered 100 \.L of standard or sample. 
Incubation mix {3QQ uX. per tube) consisting of One part de ionised water, one 
part inert serum, 12 parts PBS, and sufficient radlol.ibel to yield 10,000 cpo 
per assay was added to each tube. Antisera diluted :,n PBS was added to the 
tubes {100 uL per tube). One set of control tubes did not receive antisera for 
■determination of non-specific binding and a second set of Control tubes 
received antisera only for OAXijoun binding of radiolabel (B ). The contents of 
the tubes were nixed thoroughly, incubated at 4'C, the antibody -bound 
radlolabel fraction precipitated with (NH 4 )_SO t , cent rifuged, and the pellet 
dissolved in water prior to assaying for radioactivity. 

All results were corrected for non-specific binding. Values for 
standards were divided by B n and were plotted against the log of the herbicide 
concentration (ng/mL). The quantity of the herbicide in the unknown sample was 
calculated based on the standard curve. 



RESULTS AMD DISC^SSIOH 

A linear relation between the log of picloram concentration and relative 
binding (B/B a ) was found in the range of SO to 5,000 ng/mL of picloram far the 
RIA procedure {Figure 1). The coefficient of variation within a run was 3% or 
lees for picloram determined by the RIA method. 
1 .000 T 




Figure 1. 



IOC 1000 |ft 

Picloram Concenlrciion (ng/mL) 
Standard curve for picloram quantitation using radloianunoassay. 



Recoveries fro« fortified river water and human urine samples determined 
by the RIA were good with mean overall recoveries varying from 82% to 110* 
[Table I). The range of concentrations over which picloram was accurately 
quant it a. ted with no sample clean-up correspond with levels found in urine in 
applicator exposure studies conducted by Libich et al. (19), It must be 
emphasized that determination OI unknown concentrations of picloram in river 
water and urine was performed by using standard curves prepared in the 
respective matrix. 
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Table I. Recovery of Analyte from River Water and Human Urine Samples as 
determined by RIA. 

Amount of analyte Recovery* 

Method Analyte added, ug/mL River water Human urine 

RIA picloram 0-25 0.25 + 0.03 (6) 0,19 + 0.04 (6} 

2.50 2.60 + 0.19 (6) 2.22 + 0.35 (6} 

*Mean recovery: ug/mL + SE (number of determinations ) . 
TJU = not determined. 

The RIA met hod a reported here incorporate! a novel radiolabel. Herbicides 
labelled with **C are easily obtained but do not lend themselves to sensitive 
and accurate immunoassay work because of low specific activities (Sj - 
Radio immunoassays utilizing high specific activity radiolabeis auch as ( 1 H]2 Jt 4- 
[20) or an [ 5 I]2,4-D derivative [21j have given good results. Covalently 
linking picloram with [ Z H] glycine yields a radiola.be 1 with high specific 
activity without the expense of purchasing a custom synthesized tritiated 
herbicide or the health hazards connected with iodated radiolabela. 

In another set of experiments, picloram standards in Pi buffer were used 
to generate standard curves for comparison of two indirect EIA procedures in 
which polyconal and monoclonal antibodies were used, respectively, A linear 
relation between the log of picloram concentration and relative absorbance 
(A/A n ) was found in the range 5 to 5000 ng/mL for the polyclonal assay and 1 to 
200 ng/mL for the monoclonal assay. The monoclonal assay, therefore, had a 
standard curve with a tnucn steeper slope compared to the polyclonal assay. 
Typical coefficient of determination values (r ) were 0.97 for the monoclonal 
assay and 0.95 for the polyclonal assay. 

The polyclonal assay had an I* value in the range 60 to 200 ng/mL with a 
lower detection limit of 5 ng/mL. The monoclonal asaay was more sensitive with 
an I so value ranging between 8 and 12 ng/mL and a lower detection limit of 1 
ng/mL. Both assays were more sensitive than the RIA for picloram which had an 
I 50 value of 760 ng/mL and a lower detection limit of 50 ng/mL (15). 

Using the absorbance values of the picloram standards, the interwell 
variability was determined for the two EIA procedures. The polyclonal assay 
showed a mean interwell coefficient of variation tCVJ of 6,4% over the standard 
curve. The mean interwell CV over the standard curve for the monoclonal assay 
was slightly lower at 5-3*. Interaasay CV of the picloram standard A/A„ values 
determined on four separate runs for the polyclonal assay ranged from 2.1 to 
23* with a mean of 12. B*. For the monoclonal assay, the interaasay CV of A/A 
values determined on seven separate occasions ranged from 5.1 to 26* with a 
mean of 16%. In both cases, CV values increased with an increase in picloram 
standard concentration due to decreasing A/A values. Singh et al . (22) showed 
similar results for their enzyme immunoassay for the antibiotic Sulfamethazine. 
Intrassay CV values were obtained on picloram determinations in four fortified 
plant extract samples. The polyclonal assay showed a much higher variability 
with a mean CV value of SO* over the four plant extract samples compared to 
only 19* for the monoclonal assay over the same samples {Table II). 

Three structurally related pyridine herbicides, clopyralid, f luroxypyr, 
and triclopyr were tested for cross-react ivifey with the polyclonal and 
monoclonal anti-piclcram antibodies. Neither antibody cross-reacted 
appreciably with the other pyridine herbicides as the l ao values in all cases 
were greater than the highest concentration of herbicide tested {50 000 ng/mL 
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for the polyclonal antibody, 10 000 ng/mL for the monoclonal antibody). 

Table II. IntrusBty Variability of Piclor*» is Four Fortified Plant Extract 

Samples from Enzyme Inounoaooay Standard Carre using Polyclonal or Honoclonal 
Antibodies. 





added , 




Picloram 


recovered 




Picloram 
ng/ml. 


PeAb «IA* 
mean j ng/mL 


cv, t 


KcJlb IIA" 

eiean , ng/nL 


cv, % 


4 

20 
40 

MO 




9.9 

n 

95 
780 


B7 

39 

M 

S9 


3.9 
52 

W 


29 

IS 
21 
10 



"Polyclonal antibody enzyme immunoassay. 
Monoclonal antibody enzyme immunoassay. 
e l/S dilution. 



Recovery of picloram from water, soil extracts, plant extracts, and urine 
indicated that the monoclonal assay was far superior for quantitative 
determinations (Tables III, IV) . Overall recoveries for the monoclonal assay 
were 78, 73, 112, and 1671 for water, soil extract, plant extract, and urine, 
respectively. For the polyclonal assay, overall recoveries were 200, 383, and 
221% for water, soil extract, and plant extract. The polyclonal assay far 
determination of picloram in urine was not successful because of unacceptable 
interference from an unknown contaminant. Picloram concentration estimates 
were taken from a etandard curve made in pi buffer. Interference from 
components of the sample matrix likely accounts for much of the error in the 
concentration estimates. Such interferences from sample components have been 
reported by Hie and Hammock (23 1. In preliminary studies, we have found that 
if a sample has a higher ionic strength than the solution used for the 
standards, the picloram concentration of the sample will be consistently 
overestimated. In the reverse situation, concentrations of the sample will be 
underestimated. We also found that these effects could be ainimixed if the 
antibodies were diluted In Pi buffer supplemented with 0.05* (v/v) Tween 20 as 
described by Hooter and Lanz (9). Singh et al. [22 1 determined eulf amethaiinB 
in swine plasma using a standard curve also based on plasma with excellent 
accuracy. The RIA procedure for picloram in water and urine using the same 
polyclonal antisera as in the £IA described here showed a high degree of 
accuracy (82 to 110* recovery) when the standard curvee were constructed using 
blank water or urine. We chose not to do this far the indirect monoclonal and 
polyclonal procedures for the following reason. Soil or water samples from 
different geographical regions or urine samples from different subjects will 
vary widely in composition. Selecting one blank water or soil sample to use 
for the standard curve would not be appropriate and attempts to obtain an 
"average" water or Boil sample would be difficult. It is evident that this 
choice had more severe consequences with respect to the polyclonal antibody- 
based assay than with the monoclonal antibody-based assay. The advantage of a 
standard curve with a steep slope is that Bmall errors in absorbance values 
will not translate to large errors in concentration estimates. 

One disadvantage of a standard curve with a steep slope is the narrow 
linear working range. Rather than making several dilutions of a sample in the 
hope of obtaining one dilution In the proper range, it nay be more efficient to 
conduct a separate assay with a wide working range to rank samples so that 
appropriate dilutions can be made with certainty for accurate quantitation by 
a second assay. The polyclonal system described here would be adequate for the 
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role of ranking samples. Alternatively, one could modify the parameters of the 
monoclonal assay (e.g., increase the antibody concentration) to achieve a 
standard curve with a flatter slope and a wider working range. 

Table III. fueorery of Picloram from Fortified Hater, Soil and Plant Samples 
Determined toy Sncyme Immunoassay using Polyclonal or Monoclonal Antibodies. 



Picloram added, 
ng/mi. 



Picloram recovered, ng/mL^ 



Fortified water 
20 
200 
2000 



27 + 5.1 (IB) 
569 ♦ 79 (IS) 
3590 * 550 (IS) 



11 + 0.98 (12) 
165 ± 7,4 (12) 
96 + 4.0 (12) d 



Fortified soil 

4 

20 

40 

400 



23 + 4.4 (24) 

90 * 23 (24) 

110 ± 23 (24) 

1010 1 280 (24) 



2.1 + 0.15 (36) 

13 + 0.53 (36) 

33 + 1.1 (36) 

97 i 2.5 (12) a 



Fortified 

4 

20 

40 

400 



(^-int nxi r,i.-! 



9.9 + 2.5 (12) 

39 t 10 (12) 

99 ± 24 (12) 

780 + 130 (12) 



"Mean + SE (number of determinations). 
Polyclonal antibody enzyme immunoassay, 
c Koncclonal antibody enzyme immunoassay. 
"1/5 dilution. 



3.5 + 0.23 (24) 

24 + 1.0 (24) 

51 ± 2.4 (24) 

90 + 2.6 (24)" 



Table IV. Recovery of Picloram from Fortified Human Orine Samples) Determined by 
Snxyrue Immunoassay using a Monoclonal Antibody*. 



Picloram added, 
ng/mL 



Picloram recovered , ng/mL 5 
McAtTilA* 



4 

20 

40 

400 



11 * 0.SE (12) 
20 + 2.2 (12) 
50 * 2.1 (12) 
90 ± 2.5 (12)" 



•Polyclonal assay was not successful due to unknown contamin 
"Mean + SE (number of determinations), 
^Monoclonal antibody enzyme immunoassay. 
"1/5 dilution. 



It is commonly stated that for polyclonal antibody production, the design 
and the preparation of the immunogen are most critical (7, B, 24) . Several 
studies have illustrated the influence of hapten structure, bridging groups, 
unrauncgen structure, and coating conjugate structure on immunoassay performance 
(2,5 - 27) . The goal of intmunogen design and preparation is to maximize the 
quantity of specific antibodies in the antisera having high affinity for the 
antigen (analyte). In general, one advantage of the monoclonal technique over 
polyclonal antibody production is that the antigen does not have to be pure for 
the purposes of immunization as long as during the screening process, high 
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affinity antibodies specific for the antigen of interest can be distinguished 
from low affinity antibodies and those that are specific for irrelevant 
antigens. Likewise, the design of the imraunogen used to produce Monoclonal 
antibodies nay not be as critical as that required for polyclonal antibody 
production. An effective screening program will enable the investigator to 
select and expand the hybridoma cell clone(s) producing the desired antibody 
even if such clones are rare. In the present study, the sane isx&unogen that 
yielded s polyclonal antisera with a low average affinity also yielded a 
monoclonal antibody of high affinity. 

The immunoassays reported here could be incorporated on a routine basis in 
most laboratories to serve one of two functions. The assays could be used as 
a rapid, inexpensive method for herbicide quantitation with little or no sample 
clean-up. Alternatively, they may be implemented as a preliminary screen to 
rank samples for follow-up determination by gas chromatography. In either 
function, the immunoassays represent savings in time, labor, and materials. 
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DETERMINATION OF THE TRULY DISSOLVED CONCENTRATION 
OF ORGANIC CONTAMINANTS BY HEADSPACE ANALYSIS 



J. Resendes*, W. Y, Shiu and D. Mackay 

Department of Chemical Engineering 

University of Toronto 

Introduction 

Headspace analysis of the air phase in equilibrium with aqueous solutions of 
hydrophobic organic chemicals is being used to determine the truly dissolved concentration of 
organic contaminants in the aqueous phase. This permits evaluation of the extent to which 
hydrophobic organic chemicals interact with dissolved and paniculate organic matter in water. 
The technique is also being used to elucidate the "solids concentration effect" which was first 
demonstrated by O'Connor and Connolly (1) who observed that the sorbed phase - water 
partition coefficient Kp appears to vary with the paniculate organic matter (solids) 
concentration i.e. as the solids concentration increases, Kp lends to fall. It has been proposed 
that this phenomenon arises from the presence of a third colloidal phase, which is "wrongly" 
analyzed as being in solution. Others believe that the cause is enhanced desorptton due to the 
increase in the solids concentration. 

The attractive feature of this analytical technique is that by analyzing the air phase the 
fugaciry of the chemicals in the water phase are determined indirectly and without disturbing 
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the system. It is believed to be superior 10 techniques involving filtration or centrifuging. 
Investigation into Ihis area is needed to obtain an improved understanding of the extent to 
which organic chemicals arc sorbed in water so that more reliable assessments of water 
column processes such as volatilisation, bioaccumulation and sedimentation can be made. A 
knowledge of these processes is, in turn, important for water quality assessments. 

Data are being obtained on the sorption partition coefficients of various hydrophobic 
organic chemicals to different organic matrices, including alcohols, humic and fulvic acids and 
naturally occurring dissolved organic carbon (DOC). The ultimate goal is to develop procedures 
whereby the extent of binding, sorption or interaction of these chemicals 10 these phases may 
be ascertained. 

The system which has been designed to accomplish this is described here and selected 
results are presented for chlorobenzenes interacting with a variety of organic material. 

Theoretical Principles 

The system described below enables a mixture of known composition of water, volatile 
solute and sorbent or cosolvent to be prepared, then the equilibrium air phase concentration 
can be measured by a GC. In principle, the concentration can be converted into a partial 
pressure or fugacsty f„ in the air phase which can be equated to the fugacity of the chemical 
in the aqueous phase f_. Now 

f. - C - *,*ft*f„ 
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where i, is the mole fraction of (he chemical in the water, g, is its activity coefficient on a 
Raoult's Law basis and f, is the reference fugacity or the fugacity of the pun: liquid chemical 
at the system temperature and is equal io the liquid vapour pressure. 

Measurements of air waicr partition coefficients or Henry's Law constants (HLQ enable 
g, and f„ to be deduced from 

P. - H/C* 

where P„ is partial pressure (Pa) and can be equated to fugacity, C* is concentration in water 
(raol/ra') and H, is the HLC (Pam'/mol). Now P, is equal to f^ and C„ is x/v. where v. is 
the molar volume of the solution (generally 18E-6 mVmol), thus 

H, - &*f.*v. 

The dimensionless air-water partition coefficient K_ is given by 

K_ - CVC. = {PJRTj/C^ = HJRT 

where R is the gas constant (8.314 Pam'/molK) and T is the absolute temperature. It follows 
that if H or K„ is known then if P., is measured C„ or x, can be deduced. There are believed 
to be two types of association of chemical with other material in the water column. 

Second Phase Association 

In this case a second solid or liquid phase is present in which the chemical sorbs or 
dissolves. If the volume fraction of this phase is F and the total chemical concentration is C^ 
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ihen it can be shown thai in the experimental system described below a ploi of the ratio of 
initial partial pressure to partial pressure or initial area counts to area counts will have a slope 
of approximately (K,. - 1) where K,. is the partition coefficient between the second phase and 
water. This is illustrated in figure 2 for 1,2-diCB and octanol as cosolvent. 

Dissolved Phase Association 

In this case a "cosolvent" such as an alcohol is added which is truly dissolved. It can 
be shown that the corresponding plot of partial pressure or fugacity or area counts ratio will 
have an initial slope of approximately -InK,_ where K„ is here the ratio of solubility in 
cosolvent to that in water. 

Addition of a partially miscible cosolvent eg. octanol or benzene is thus expected to 
have a low initial slope of -lnK,_ then at the onset of phase separation the negative slope will 
increase markedly to -(K^-l). 

We can thus test natural organic matter eg. DOG fulvic, humic acids to determine the 
contribution of truly dissolved and second phase material by observing the slope Df the area 
counts vs F plot. 

Examination of data from Kile and Chiou (2) suggests that fulvic acids are behaving 
like a second phase because the slope is large ie. K^. is similar in magnitude to K,„ and much 
greater than ,nKp. but the organic matter is undoubtably dissolved and not filterable. We thus 
have dissolved second phase material. Experimentally the only way to probe or sense this 
behaviour is by making measurements of the solubility or fugaciry. Filtering and centrifuging 
are totally ineffective. We thus believe that the system being devised has potential to identify 
the true condition of hydrophobic organic chemicals in a water column, thus adding a new 
investigative tool for water quality analysis. It has potential to provide more valuable and 
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reliable information on the condition of hydrophobic organic chemicals. 

Experimental 
Equipment 

The apparatus for the headspace analysis in this study consists of a closed system made 
up of a 2.8 L water jacketed glass vessel, a metal bellows pump (Metal Bellows Corp.. model 
MB-2I) and an 8 port 1/8" UWP series Valco gas sampling valve with 1 cc loops. The units 
are joined by 3.2 mm OD (1/8") stainless steel (SS) tubing. An HP5890 gas chromaiograph 
with a J&W Scientific fused silica DB-17 capillary column and electron capture detection is 
used for analysis. A SGE OC1-3 on-column injector is used. Helium is used as a carrier gas 
and argon/methane as the make up gas. A Neslab RTE-110 water bath with proportional 
temperature control is also used. 

Figure 1 is a drawing of the system. The 3.2 mm OD (1/8") SS tubing is wrapped 
with heating tape to reduce adsorption of chemicals to the lines. The valve is heated by a 
cartridge heater connected to the valve body inside an insulated box. The valve was originally 
connected to the on-column injector of the GC by 1.6 mm OD (1/16") SS tubing. The on- 
column injector was removed in latter experiments and the valve directly connected to the 
column with a piece of 0.53 mm ID deactivated fused silica tubing. 

Materials 

The chlorobenzcnes used are 1,2-diCB, 1,2,4-triCB, 1 ,2,3,5-tea-aCB and pentaCB. 
Hexanol, octanol and benzene were used as co-solvents. Humic acid is also used. The water 
used in the experiments consisted of tap water purified by reverse osmosis and further treated 
by a Millipore Milli-Q Water Purification System. 
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Method 

The chlorobenzenes were chosen on (he basis of iheir sensitivity to ECD and their low 
solubilities. A series of standard solutions were prepared and samples injected into the on- 
coiumn injector with a Hamilton syringe with fused silica needle. The results showed linear 
detector response. The vessel system was also calibrated after the on-column injector was 
removed. Linear detector response was also observed. Analysis of the headspace is 
accomplished by switching the valve from one position 10 the other. The valve schematic is 
shown in figure one. In either of the two positions there is air from the vessel going through 
one loop and carrier through the other. By turning the valve to the other position the order 
is reversed and a 1 cc sample is sent to the GC. 

For the co-solvent experiments, two liters of purified water were put in the vessel and 
the system connected and scaled. The chlorobenzenes were added in "saturated" solution form 
to the vessel with a gas tight syringe. The "saturated" solutions were actually below saturation 
and were prepared in separate batchs. 

After adding the saturated solutions to the vessel the system was allowed to equilibrate (4-5 
hours or overnight). The headspace was then analyzed. Seven or more samples were 
chromaiographed over periods of three hours or more to ensure equilibrium had been reached. 
Hcxanol, octanol and benzene were used separately in the co-solvent experiments. A small 
amount of co-solvent was added to the vessel by gas tight syringe. The system was allowed 
to equilibrate and the headspace analyzed. Addition of co-solvent and equilibration was 
repeated until approximately twice the amount needed for saturation was added. 
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Results and Discussion 

Figure 2 contains the results of the 1,2-diCB - octanol experiment (second phase 
region). The slope is predicted to be K,. - 1. Since the cosolvem used was ocianol, K,„ should 
also be K„. By linear regression of the graphical data the slope is 2670. K„ is 2500 for 1.2- 
diCB. The model iherefore correctly predicts the experimental behaviour. The results of the 
dissolved phase region of the same experiment are shown in figure 3. The slope is predicted 
to be -InK^ which for 1,2-diCB is -7.83. The slope from the graph is -212. There is greater 
enhancement occurring than is predicted by the model equation. 

Figure 4 shows the results of the 1 ,2-dtCB - benzene experiment (miscible region). A 
straight line with correlation coefficient (r) of 0.98 was found for the data. The slope was 
found to be -99 which again shows the limitations of the model in the dissolved phase region.. 

Figure 5 contains the results of the 1, 2,3,5- tetraCB - humic acid experiment. The results 
point out that humic acid acts as a second phase and the partition coefficient K,. can be 
obtained from the slope (1.63e4). 



1 The experimental technique that has been devised has permitted a precise way of 
investigating solubility enhancement especially by humic substances. 

2 More studies are needed of the dissolved phase region of the cosolvents, 

3 The system is limited to more volatile chemicals. It is desirable to work with PCB's. 
System modifications such as using glass lined tubing are desirable. 
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SOLID PHASE EXTRACTION OF TRIAZINES AND ORGANOPHOSPHOROUS 
COMPOUNDS FROM DRINKING WATER. 

W.G. Craig, J.M. Craig, and A.L. Masse, Paraeel Laboratories 
Ltd., Nepean, Ontario, K2G OG3 and CD. Hall, Laboratory Services 
Branch, Environment Ontario, Rexdale, ON, M9W 5L1. 

The objective of this work was to determine the 
feasibility of using solid phase extraction (SPE) for the 
analysis of organophosphorus compounds and triazines present in 
water. Current methodology involves the liguid liquid extraction 
(LLE) of the organophosphorous compounds at neutral pH using 
dichloromethane, A separate LLE using dichloromethane at pH 12 is 
necessary for the triazines. 

The LLE methodology is well established but suffers from 
the fact that the "wet chemistry" can not easily be automated. It 
is time consuming, requires extensive labour, and large amounts 
of expensive and toxic solvents. Our earlier work with the 
application of SPE to ehlorophenols and phenoxyacid herbicides, 
and, also, to polyaroraatic hydrocarbons showed that for these 
compounds SPE tended to have higher recoveries and lower standard 
deviations than LLE and led us to believe that SPE might also be 
applicable to triazines and organophosphorous compounds. 

The objective of thiB research was the development of a 
simple, rugged method that would be amenable to the eventual 
introduction of robotics and that would allow the simultaneous 
analysis of both triazines and organophosphorous compounds in 
drinking water. In the course of the project, parameters 
investigated included: 
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1) The solid phase and eluting solvent. Phenyl, cyclohexyl, 
octadecyl and cyanopropyl phases and the three eluting solvents, 
methanol, hexane and ethyl acetate were evaluated. The beet 
combination was the octadecyl phase using ethyl acetate as the 
eluting solvent. Elution with hexane gave low recoveries with all 
phases. Elution with either methanol or ethyl acetate gave poor 
recoveries with both the cyanopropyl and cyclohexyl phases, 
moderate recoveries with the phenyl phase, and highest recoveries 
with octadecyl packings . 

2) Columns from different manufacturers. Octadecyl columns 
manufactured by Baker, Supelco, Waters, Analytichem and Ailtech 
were tested using ethyl acetate as the eluting solvent. Under 
these particular conditions, the columns manufactured by Ailtech 
exhibited lower recoveries than the others but the remaining four 
were comparable to each other. 

3) Consistency of recoveries. The recoveries over a one hundred 
fold range of analyte concentrations {e.g., from 50 to 5000 ng/L 
for atra2ine and 20 to 2000 ng/L for parathion) were found to be 
consistent. 

4) Different matrices. The recoveries from each of the natural 
waters; Verner raw water, Lakeview raw water, Ottawa city tap 
water, and a drilled rural well, and from one reference water 
(supplied by Dr. Brian Kollebone of Carleton University) were 
determined at pH 12. The recoveries were high for the tria2ines 
but much more variable for the organophosphorous compounds. Later 
work indicates that much of the variability for the 
organophosphorous compounds was due to the high pH. 
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5) Effect of pH, Recoveries were determined at both pH 7 and pH 
12. The triazines had high recoveries at both pHs whereas those 
of the organophosphorous compounds were much greater at pH 7. 

6) Effect of Storage. The stability of analytes at two 
different concentrations adsorbed onto an octadecyl solid phase 
and stored for tiroes of one day, one week, one, two and three 
months at room temperature prior to elution were investigated. 
The adsorbed triazines were stable over this time period whereas 
the recoveries of the organophosphorous compounds steadily 
decreased with time. For example, the percentage recoveries of 
atrazine, alachlor, diazinon and parathion decreased from 105, 
112, 101 and 103 following one day of storage to 86, 95, 45 and 
36 after three months of storage, respectively. 

7) Addition of methanol to the aqueous phase. It has been 
reported in the literature that the addition of ten percent 
methanol to the aqueous phase prior to extraction improves the 
recoveries of the triazines. Under our conditions, recoveries 
decreased slightly on the addition of methanol. 

8) Levels of interferences. When SPE is applied to the analysis 
of chlorophenols and phenoxyacid herbicides in water using an 
electron capture detector for quantitation, interferences are 
significant. Throughout the course of this work (which used a 
thermionic specific detector) interferences were not a 
significant problem, although an occasional low level 
interference with bladex was noted. 

9) Real samples. Fortified samples of Ottawa City Tap Water and 
Rideau River Raw Water at pH 7 were extracted and analyzed the 
same day. The results appear in Tables 1 and 2. 
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The parameters investigated durin.i the course of this work 
led to the development of the following Method for the SPE of 
triazines and organophosphorous compound . 

Recommend. 3d Method. IflT thfi SEE fil Triazines 
ftad Organophosphorous Cr mpounds 

1. Determine the pH of the sample. If ess than 7, increase the 
pH to 7 using 1 N potassium hydroxide solution. 

2. Condition 500 mg C-18 columns by pa£ sing an aliquot of 
methanol (5 mL) , followed by distilled w* ter (5 mL) at a moderate 
flow rate. Do not allowed the columns to dry out. 

3. Pass the sample (800 ml) through thf column with vacuum 
assistance. Remove the vacuum froia the ajparatus following 
passage of the sample to prevent evaporat ive losses due to 
excessive air passage. 

4. Centrifuge the columns briefly to remove excess water. 

5. Slowly elute the analytes with 3 mL of ethyl acetate. 

6. Quant itate using a gas chromatograph equipped with dual 
capillaries and thermionic specific detectors. 

Conclusions: 

Solid phase extraction allows the simultaneous 
determination of organophosphorous compounds and triaiines in 
drinking waters. The method has consistent and high recoveries 
and low standard deviations, is rapid and easy to perform, and 
adsorbed triazines are stable for up to tiree months. 
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ROBUSTNESS OF THE STUDENTS T EST WITH CENSORED 
ENVIRONMENTAL QUA LI Y DATA 

E.E Creese' 

Creese Environmental Cor suiting, 

P.O. Box 91 , Waterloo, C itario 

N2J 3Z6 

Introduction 

A data set with observations below a certain cut-ot point, for example, an analytical 
detection limit, is termed censored. The log- regression approach was followed here in 
determining means and standard deviations ol cere ored data sets to be used in the 
Student's t test, Of course, this would resull in unJL stifiably low 1ype I error rates (a). 
The goal ot this project was to ascertain, by Monte C irio methods, what the real values 
of a were. 

Previous studies (Gilliom & Helsel, 1986; Helsel & ( illiom, 1986) have shown that, of 
the methods that they investigated, log-probability r( gression to the curve of a normal 
distribution was the most robust for estimating po >ulation parameters such as the 
mean and standard deviation ot parent populatio is of environmental data. This 
project took as a starting point the assumption thai the log-normal distribution is the 
most likely parent distribution of chemical water qua ty data. It endeavored to assess 
the reliability of simple hypothesis testing, such a 5 the t test, when population or 
sample parameters are estimated by log-probability egression. 

The basic procedure was to generate a large numb< r of simulated samples, all with a 
specified number of observations. Then censoring v as performed at a certain defined 
cut-oft points. Two types of censoring have been designated (David, 1981), In type I 
censoring, alt data below a fixed value are eliminat id. This is the type of censoring 
observed by environmental scientists. The 'fixed value' is the concentration o( a 
particular chemical in an environmental medium belt m which it can not be detected by 
the available analytical methods, in other words, the detection limit of the chemical- In 
contrast, type 11 censoring eliminates values so (hit a fixed proportion of the data 
remain. 

The mean and variance of the population (or sampls , depending on the method) were 
estimated by log-probability regression. Then, hypo hesis tests were performed using 
the estimated mean and variance to determine if the sample mean could be inferred to 
be equal to the population mean. Since, the population mean was known, which, of 
course, was the whole point of using simulated data one could say whether or no! the 
statistical test failed. Such a failure, that of rejecting a true null hypothesis, is termed a 
type I error. This worfc involved the use of Monte C ario methods to compare nominal 
type I error rates to actual type I error rates. 

One regression method was chosen and used to calculate data for 'error tables'. 
Knowing the number of observations in a sample set, the number of observations 
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below the detection limit and the nominal type I error rate, error tables would be used 
by environmental scientists lo determine the actual type I error rate ot a t test. 

Me|hQd_S 

Hardware. Software. Q uality Control 

The hardware and software used in this project have already been described (Creese, 
1988). Also described were the methods used for generating random samples with 
log-normal distribution and details of quality control measures. 

Censoring 

Initially, type I censoring was employed, as described in Creese (1988). Although type 
I censoring is what is encountered by environmental scientists, difficulties were 
foreseen with using error tables set up by this method. After performing the 
regression, one would calculate the proportion of one's sample that was censored. It 
would be very unlikely that this proportion would correspond exactly to a proportion 
chosen in prepared tables. Interpolation between tables would therefore be required. 
Interpolation is unnecessary with table set up by type II censoring. Therefore, part way 
through this project, a switch was made to type II censoring. 

Simulation Runs 

The method of performing z tests was described in Creese (1988). The perfomance of 

t tests was carried out in a similar manner. Values of the inverse t cumulative 

probability functions were calculated by numerical integration of the following 

expression: 

i 1 * 
w = C )_„, (1 + t 2 /*)exp[2/(d( + l)]di 

where c is: 

C («df)-0-5(ri(<*+ 1)/2]/r[*/2]) 

Baautts 

Methods ot Regressio n 

The first method used was type I censoring with hypothesis testing by z test, using, n, 
the sample size before censoring, A confidence interval for the appropriate 
probability, p, was constructed about the estimate of population mean, thus: 

my±z[p]sy/Vn | p = 1 - a / 2 
A type I error is indicated it the true population mean, n y , falls outside the confidence 
interval. This method of determining actual type I error rates is designated here as 
Method 1. Melhod 2 was almost identical to Method 1 except that in the above 
expression for the confidence interval, n was set equal to nr>, the number of 
observations remaining after censonng. Method 3 was that same as Method 1 except 
that a t regression was used. Method 4 agreed with Melhod 2 in using no for 
calculating the confidence intervals, but differed from the other three methods in using 
type II censoring. Table 1 summarizes these methods. 
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Table 1. Summary ol methods of regression used. Sample size used refers to the 
sample size used in calculating the confidence intervs s for hypothesis testing. 



Method 


Censoring 


Test 


Sample size used 


1 
2 
3 
4 


type I 
typel 
type I 
type II 


E 
I 
t 
t 


n 

'D 

n 

'D 



Table 2 contains comparisons of three of these methoc s. Method 4 gave the lowest 
actual type I error rates ol any of the four methods. 

Table 2. Comparison of Methods I, 3 and 4 with sarrole number n = 5. The nominal 
type I error rate is 5%. no is Ihe number of observations above detedton, a is the 
actual type I error rate, and r is the number of regressions actually performed. 



Method 


Censoring 


nD 


< 1 a 




0% 


various 


1000 


i 6.7% 




20% 


vanous 


985 


1 7.9% 




40% 


various 


904 


12.5% 




60% 


vanous 


669 


27.4% 




80% 


vanous 


279 


51.3% 


3 


0% 


vanous 


1C00 


3.8% 


3 


20% 


vanous 


985 


5.6% 


3 


40% 


various 


904 


13.6% 


3 


60% 


vanous 


669 


39.0% 


3 


80% 


vanous 


279 


65.6% 


4 


type II 


5 


1000 


3,8% 


4 


type II 


4 


1000 


3.6% 


4 


type II 


3 


1000 


5.0% 


4 


type II 


2 


1000 


l 9.7% 



It was found that coefficient of variance, cv, did not sic nificantly affect the values of a 
generated by log regression on the Student's I variable 

Error tables were generated for nominal type I error rs:es of 5% and 1%. These are 
Tables 3 and 4. 

Discussion 

Several methods were tried and one was chosen for tte development of error tables. 
A method was chosen which incorporates type II ensoring and regression on 
Student's i functions, The use of type II censoring makus 1he error tables much easier 
to use, since no interpolation is necessary. The t rec ression also gives the lowest 
actual type I error rates of any of the methods tried, it unfortunately also produces 
wider confidence limits. Having lower actual a is still £n advantage, however, in that 
the experimenter has the option of reducing the size >f the confidence limils by in- 
creasing the sample size. Using the chosen method, tie t-test was found to be quite 
robust, if the degree of censoring was not too severe. With a sample size of 10 and 5 
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observations below the detection limit, a nominal a of 5% is really approximately 6%. 
and a nominal a of 1% is really about 2% But with 8 observations below the detection 
limit, a nominal n ot 5% becomes a real a of 26%. and a nominal a of 1% becomes a 
real a of 6% 
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Table 3. Actual type I error rate, a. given as a percentage. Nominal type I error rale: a 
= 5.0%, 



1 1 L! 


2 


3 


4 


5 


6 


7 


8 


9 


10 


3 


58 


4.1 




















4 


7.6 


3.9 


3.6 




















5 


9.7 


5.0 


3.6 


3.8 


















6 


11.8 


6.1 


4.8 


3.9 


34 
















7 


160 


93 


6.2 


4.2 


4.3 


4.4 














8 


21.7 


1 3 


7.4 


36 


32 


3.2 


3 













9 


23.6 


14,1 


8.4 


5.3 


3.8 


3.6 


4 


4 


■'. 









10 


26 2 


15.8 


10 .1 


5.9 


4.8 


4.0 


3 


9 


f 3 


9 


r 4 


i 



Table 4. Actual type I error rate, a, given as a percentage. Nominal type I error rate; a 

_ - na 



= 1.0*34 



n\n D 


2 


3 


4 


5 


6 


7 


8 


9 


10 


3 


0.6 


0.9 


















4 


1.2 


0.7 


0.3 
















5 


1.6 


0.9 


0.9 


0.9 














6 


20 


1.4 


0.7 


0.8 


0,9 












7 


34 


1.8 


1.4 


1.1 


1.2 


09 










8 


4 2 


3.1 


2.0 


1 


0.5 


0.3 


0.2 








9 


5.2 


3.4 


2.7 


1 3 


1 


1 2 


09 


0.6 






10 


6.1 


4.3 


2.9 


1.7 


1.1 


1.0 


9 


1.2 


- 
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DEVELOPMENT OP STANDARD METH JDOLOGY 

FOR THE EVALUATION OF ORGANIC CO JTAM1NANTS 

LEACHING FROM MUNICIPAL AND INDUS rRIAL WASTES 

V. Braining. F.W. Karasek 

Department of Chemisay, Utuversity o Waterloo 

Waterloo, Ontario, Canada, N2L JGl 



ABSTRACT 



At this rime the Ontario Ministry of the Environment, Torpor. , has only a method for the evaluation erf 
leaching of inorganic spedex. There if no such method for organic cck tpound*. The method described hoe for a 
standard leaching procedure consists of a simple elution with water oi fly ash packed in a stainless steel column 
using an HPLC pump, followed by passage through an organic solver | layer a* an online partitioning step for 
organka. A Bemiprcpanitive HPLC was used to fractionate the organic co eenCrMe into several classes of compounds. 
Gas chromatography/ mass spectrometry wing various ionization modes vas used to identify the compounds, in each 
fraction. A quantitation of the major compounds found in the leachates is provided. The basic analytical procedure 
described in this study can be used as a rapid method for determinate n of the extern of potential leaching from 
waste samples. 

INTRODUCTION 

Many bouaehold products contain hazardous chemicals; some c * which wflj ultimately find their way into 
municipal landffllt. In addition, the final depository for most of the prod jets of our modern industrial society is the 
municipal waste landfill, where waste compounds dissolve and degrnd r in the anaerobic environment, releasing 
possibly (code degradacbn products. Since municipal and industrial Land lis axe numerous and contain many of the 
same compounds as found in industrial wastes, it is essential to ev; luate the risk to human health and the 
environment from exposure to groundwater contaminated with muoiripa waste landfill leachate. 

Data has been presented on the quality of leachale, surface watr . ground water and air (1). Based on these 
data there is a potential threat of groundwater pollution and therefore to human health. In this study fly ash is used 
as a waste sample, because it ia representative of material containing h jzardous compounds and is relatively easy 
to handle. More than 600 organic compounds haw been identified in f y ash (2), some highly toxic. The fly ash, 
placed in a column, is extracted with water pumped through, simulating ( * evens occurring in a landfill site. A one- 
step fractionation procedure using normal phase HPLC with gradient eluti m is performed a* modified from a method 
described by Tong (3), followed by concentration and GC or GC/Mi analysts. The methodology developed is 
representative of naturally cccurring baching processes and it also applk ibie to laboratory studies of s wide variety 
of waste. 

EXPERIMENTAL SECTK»N 

A stainless steel column (35 cot x i.5 cm Ld.) with commercial tPLC fritts at the ends was wet filled with 
fly ash ( 1 5 g) and connected to an HPLC pump (Varian 5000 liquid chro latograph and Mandel piston pump Model 
302, respectively). The column was elured with 1.5 L of water at 1.0 ml/i in (typical groundwater flow reaches from 
15 mVh to 60 ml/h and l + 75 m/d to &.9S m/d respectively) (5). The luenl passed (i) through a toluene (BDH 
Onuusolv) layer in a chromatographic column (30 em - 250 ml toluer i>, (it) through a stirred dichloromethane 
(DCM, BDH Qmnisolv) layer of 500 ml. In a long term experiment 10 L w. ter was passed through the fly ash column 
and the DCM layer was replaced every 24 h. The combined solvent exi -acts were concentrated and brought into 
toluene for GC analysis and HPLC separation. Seven fly ash extractions were carried out using the same method, 
to test the reproducibility of the method. The collected extracts were us« d for the quantitation studies as well. 

All separations were done using a Varian 5000 liquid chromad graph with UV detection at 254 nm The 
hm p j j m were injected through a 100 microliter loop onto a normal pha e silica column and eluted by a gradient 
program with hexanc and DCM. Three fractions were collected from 0-10 i intites, 10-15 minutes; and 15-75 minutes. 
The HPLC fractions were concentrated and analyzed by gas chroraatog -aphy with flame ionization and electron 
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capture detection (HP 5&S0A GC equipped with a J&W 30m x 0-32mm id. DBS fused j*ttea column), and by gat 
chroma togmphy with mass spectrometer detection {both an HP5970 GC/MSD (electron impact ionization £EE) and 
selected km monitoring) and an HFS9S7A CO MS [in El and positive chemical ionization mode). 

RESULTS AND DISCUSSION 

The methodology developed is shown in Figure 1. following the HPLC extraction with water, the eluenr, is 
pumped into the stirred DCM layer (maximizing contact between phases) in a round bottom flask. The extraction 
efficiency using DCM as an adsorbent is 90-9B.9 % for chlorinated compounds but only 55-64,4 W> for hydrocarbons. 
Clean-up and preseptiration into three classes of compounds is accomplished using HPLC. Figures 2 and 3 show GC 
traces of the water extract obtained using GC/FID and GC/ECD after the separation step. The compounds identified 
in the water extracts are shown in Table 1. Quantitation of the compounds using an external Standard was performed 
only tat the major compounds found in the leachates using GC/MS/SCAN (hydrocarbons) and GC/MS/SIM 
(chlorinated orgarucs). The results are shown in Table 2. 

The methodology developed shows reproducibility for trace amounts of compounds. Standard deviations of 
5-S <*4, 16-19 4fc and 30.8-37.B4i were obtained for hydrocarbons, chlorinated benzenes and chlorinated phenols, 
respectively. 

The data from this study indicates that water is able to dissolve hazardous compounds out of the waste matrix. The 
foci That impure water contacts the fly ash/waste during the formation of a leachate increases the possibility of 
groundwater pollution drastically. It is well known that organic solvents in water have a cosolvenl effect for other 
organic compounds and increase the solubility of hazardous organic compounds (7]. 

CONCLUSIONS AND RECOMMENDATIONS 

In this, study a simple methodology is described for evaluation of organic contaminants. The method 
developed shows reproducibility and is representative of leaching of organic compounds out of fly ash. This method 
is also applicable to different fends of homogenised waste samples. To identify more compounds it is recommended 
to increase the amount of fly ash or waste and to treat the organic extract with aqueous acid and base solution to 
separate acid, base and neutral compounds. To receive information about the yield of the water exrxacriotv' recovery 
rate it will be useful to work with °C Labelled chlorinated compounds as internal standards under identical 
conditions. 

The developed method can *as% be nU m laboratory usage. With more representative solvents (different 
dissolved oxygen content content or surfactant agents! and different pH -values the results obtained are closer to 
naturally occurring processes. With this kind of information one should be- able to estimate the risfc for groundwater 
pollution and human health caused by hoi^rdous waste m landfill sites. 
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Table 1 Co mp o uo di identified in /ater extractions 



Compound 


D 1 Method 


Compound 


D itadind 


UPLC Fraction f 1 








hexadetane 


1.2.3 


t«ralnacoi ane 


1J.3 


hepcadaean* 


1A3 


penlatriacc itane 


U.3 


GtjdaBBM 


1A3 


hexalriacor 'ane 


IAS 


nonadaeane 


IAS 


hrptatnaec itane 


1.2.3 


tXOSBTK 


1A3 


oclatjiacor ana 


1A3 


heneicosane 


1A3 






docosane 


1A3 


1,3,5 rrichi >roben2ene 




tricosane 


IA3 


1,2,3,4 let] ichlorobenzane 


i.; 


retracosane 


1A3 


pentachlop benzene 


1.2 


pemacosane 


1.2,3 


hexachloro i-nuene 


1.2 


hexacosane 


1.2.3 






heptacosane 


1.2.3 


HPLC Frar un #2 




actacosane 


1A3 






nonarosane 


U3 


2,4,5 nichl ■rophenol 




txiacontane 


U.3 


3,4,5 trichl 'lophenol 


1.2 


hentnacontane 


1A3 


2,3,4,5 ceo ichloiophenol 


1.2 


dotriacomane 


1,2.3 


2,3.5,6 uai .chlcoopbenoL 


1.2 


tritriaconTan 


1A3 


pentachiort phenol 


1.2 


UPLC Fraction #3 









betizaldehyde 4 hydroxy- 3 methoxy 

1,2 benzene: dicarhojcylirairkl dielhylether 

hcxanediokacid diburytesiter 

1.2 benzene dkarborybcacid dibutyiester 

benzene, \ methoiy A phenoxy 

hexanoitacid 1 methyleihylester 

9-octaitecen-.-ol 



1.2 benzene drarborylicacid dk^loherytester 
1,2 benzene ditarboicyilcaeld bJst2-*t*yttiexyl)ester 



1 -retention time standard 

2^Probabiliiy Based Matching [PBM1 (GC/MS-ER 

3=moiecular weight (GC/MS-PCI) 



2,1 
2M 

2t 
1.3 
1,3 

13 

Z.l 
2,3 

2.1 



NC » not . on&notd 

{+) ■ not xwsible to quantify, but 



Table 2 Quantitation 



of coaipuunds in the >*f PwM* htaaaed with ibe r^ntim*** 
™***«^ [concentration in us/1 t« ihate (ppb)] 



mom* 




Compound 




docosane 


0-030 


(etratTiaanitan< 


0.192 


tncasane 


0.064 


pentamacontaj ? 


0.160 


tetracosane 


0.096 


BaaaanaB nan 


0.094 


pentacosane 


0,200 


heptattiaconlai e 


0.053 


hexacosane 


0.166 


octamacontaik 


(+) 


heptacosane 


020s 


trichlorobeniei ™ 


0290 


octacosane 


NA 


(etrorhlciroben: jne 


1240 


■QOacBMM 


0200 


pentachlorobcT -.ene 


0.750 


macontane 


0J39 


henochlwoben; ;ne 


0.270 


hentnacontane 


0182 


trie hkiro phenol 


0.120 


domacOniBne 


0.160 


tetrBchJorophei -M 


0330 


tritnacontane 


0.178 


pcntachJorophi w| 


S.740 
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k^ 



H,iirc 2 








1>0ftT MH 








1 






: ■ i , v* i|3T«vmaiHjHt>en r 










i 








lBU> 








1 






C^ 










i 
















1 






oc.rt: . nt.r-rti ■■-^"■■ti. 


1 




1 1 





Ml 

! 

UJ 
I 



Hurt 3 



-V*' L 



fij H 



GC/FID chromttoiriin* obliLard tfler MPtC-wparilia* CC/ECD ehrDanlogranii obulnrd ftfltr IIPLC-wparilion 
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A METHOD FOR ULTRA TRACE METAL DE' EKMINATION IN ACIO 

PRECIPITATION SAMPLES USING HIGH PERFORIiANCE ION CHROMATOGRAPHY 

AND INDUCTIVELY COUPLED PLASMA SOL'RC E MASS SPECTROMETRY 

H.J. Powell'. J. Hiprner and D.W. Boomer, Inorganic Trace 
Contaminants Section, Laboratory Service; Branch, Miniscry of the 
Environment, Rexdale. Ontario M9W 5L1. 

Environmental scientists studying the afiects of acid 
precipitation on lakes and streams need i eliable information on 
the elemental concentrations in different sample matrices. For 
example, trace elements such as cadmium and lead can be toxic to 
aquatic life at concentrations in the narDgram per litre range and 
may act synergistically with other components of acid rain to 
further the detriment of the environment (1). Consequently, 
reliable analytical methods to detect and quantify ultra low-level 
trace elements are needed to map affected regions and to support 
studies of toxicity at low concerntrationa. Few conventional 
analytical instruments can obtain the detection limits for 
analytes required in some of these studies. However, instrument 
performance can be dramatically improved .hrough sample 
preconcent ration. 

The conventional method of preconcent rati:>n involves quantitative 
transfer and overnight evaporation. This method is labour 
intensive, time consuming and can introduce inaccuracies caused by 
contamination. To minimize these errors, an automated technique 
has been developed to preconcentrate samp es in a closed system 
using a high performance ion chromatograpu (HPIC] . A commercially 
available cation exchange column (2) is u ;ed for the preconcentra- 
tion. The mobile phase is delivered to t.:e column using a high 
pressure pump and valve system. Dependin ; on the preconcentratlon 
factor required, a known volume of sample is deposited on the 
column. The analytes are then eluced fror- the column using a 
relatively strong acid. The preconcentra' ed "plug" or solution is 
then introduced into an inductively couplfd plasma mass 
spectrometer (ICP-MS) to determine analytt concentration. The 
advantage of using an ICP-MS is the high :ensitivity and a very 
fast sequential scanning ability. These capabilities further 
enhance the preconcentratlon step to obta: n both ultra low 
detection limits and rapid multielement atalysis. 
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In che method development, optimization of the hpic to the ICP-MS 
was necessary to obtain peak performance. Parameters that were 
investigated were column capacity, variations in concentration and 
flowrate of two different eluents (nitric and hydrochloric acids) , 
and effects of varying sample pH. The optimum conditions for the 
above parameters were obtained experimentally. The most favorable 
settings to produce well defined narrow analyte peak widths were 
used since the ICP-MS uses peak height measurements for 
concentration calculations. 

Column Capacity. Column capacity was determined experimentally by 
monitoring the analyte signal of a known standard in the mobile 
phase as it emerged from che column. Breakthrough was indicated 
when the continuously monitored signal increased significantly 
above the background signal. The column capacity was determined 
to be in the order of 6 micro-equivalents for each element 
studied. 

Effects of Eluent Strength on Retention Time. Experimental 
results show that the removal of cations from the column is 
dependent on the acidic strength. In general, the higher the acid 
concentration of the eluent. the shorter the retention time. A 
series of experiments were conducted with nitric and hydrochloric 
acids. Nitric acid at a concentration of 5% was che optimum 
eluent. 

Flowrate. Effects of flowrate on retention time were determined 
by monitoring elutlon profiles of analytes while changing <J..e 
flowrate of the eluent. Experimental results showed that as the 
flowrate increases, the retention time decreases. The optimum 
flowrate obtained was 3.5 ml/min. 

Effects of Sample pH. Samples submitted to our laboratory may 
vary in pH. and any analaytical method chosen for sample analysis 
must ensure that variations in sample pH will not bias the 
accuracy of the results. Experimental results show that varying 
the pH range of a sample from 1,6 to 9.5 did not adversely affect 
HPIC-ICP-MS response. Therefore bias in the results will not take 
place and sar.pies need not be adjusted in this range- 



Copper, cadmium and lead were chosen as test analytes because of 
their significance in many environmental studies. They are also 
representative of the mass range that is most frequently scanned. 
The HPIC-ICP-MS detection limits for these elements are in the 
sub - nanogram per litre range. 

During the Initial method development stages, the HPIC was 
interfaced directly with the ICP-MS for ease of experimental 
study, To preconcentrate a sample to gain reasonable detection 
limits, a significant volume of sample must be loaded onto the 
column. If more than one sample is to be analysed, this could be 
a lengthy procedure, In order to reduce to length of analysis 
time and to allow the ICP-MS to be used for other tasks, the HPIC 
has been automated to run "off-line" from the ICP-MS. 

The "off-line" HPIC technique has reduced operating cost and freed 
personnel for other duties. A Zymark robot arm is used to sample 
from up to 24 sample containers of 100 mL each. The sample is 
then introduced to the HPIC and the fraction is collected by an 
ISCO auto-sampler configured as a fraction collector. The Zymark 
computer controls the robot arm. the switching of the electrically 
actuated rotary valves in the HPIC system and the sequences for 
the fraction collector. This automated technique can be run 
overnight and unattended. 

Experimental results show that the method is accurate in the 
determination of trace metal concentrations in acid precipitation. 
However, with a different matrix such as surface water and 
depending on the geographic location of the sample sites, 
uncertainties in accuracy can be expected with increasing 
concentration levels of major elements such as Ca and Mg. 
Investigations in modifications to the chromatographic procedure 
to reduce these effects will be conducted in the future. 
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Introduction 

There is a need for the development and validation of test protocols to 
assess the degree of teachability and mobility of potentially hazardous 
materials contained in landfill disposal sites. A detailed chemical 
analysis and identification of all chemical species in leachates and 
groundwater is desirable, but such survey type analyses are time 
consuming. 

Short-term biological tests are attracting interest as a basis for possible 
regulatory purposes. The reason is that these tests provide some 
predictive value regarding health effects. The overall goal of this 
program is to develop and validate concentration methods for organic 
chemicals from groundwater for use with the Ames bioassay. 

SELECTION OF CHEMICALS 

Initially, it was necessary to select a limited number of chemical 
compounds tor inclusion in an aqueous solution ("cocktail mix"), in order 
to permit the validation of isolafion/concentration techniques and 
measurement methods of the concentrates. The guidelines used for 
selecting the reference compounds were: 
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to provide a wide selection of functional groups 

to represent, where possible, a range of pertinent physical 
properties such as volatility and polarity 

to choose, where possible, known water pollutants 

to select, when possible, halogenated derivatives of several 
parent compounds 

resistance to degradation 

to include known mutagenic compounds 

This presentation deals mainly with the selected volatile compounds 
The compounds selected are listed in Table I. 



CHEMICAL TESTING 

Preliminary chemical data was obtained by direct injection of suitable 
aliquots (1-3nL) of the individual compounds initially, and then of a 
combined mixture of the compounds into a gas chromatograph/mass 
spectrametric (GC/MS) system. The system used was a HP Model 
5890A series capillary GC with an HP 5970A Mass Selective Detector. 
The data system was an HP ChemStation with an HP 9816S computer 
and HP 9133XV disc drive printer. 

Data was obtained for all the compounds using both total scan and 
selected ion monitoring procedures. Either or both methods were used 
for identification and quantification during the validation of purging 
concentration techniques for recovery of the target chemicals from 
goundwater. In Table I, the compounds are listed together with their 
respective retention times and the major ions (m/e) present in their mass 
spectra. 
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CONCENTRATION METHODS 

Solutions of the selected chemicals at 20yg/L concentrations were 
prepared in a large scale purging and trapping apparatus (20 L). 

This paper will present an evaluation ot the effect of parameters such as 
water volume, water temperature, purge flow rates, purge times on the 
recovery of target compounds with the use of a cryogenic trapping 
device. Transfer of the trapped compounds into a solvent compatible 
with the Ames bioassay will be addressed. 
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TABLE I 

GAS CHROMATOGRAPHIC AND MASS SPECTRAL 
DATA FOR CHEMICALS IN 'COCKTAIL MIX" 



Compound 



Retention Time 
(min) 


Base Peak in 

Mass Spectrum 

(m/e) 


3.27 


61 


6.57 


6 3 


7.69 


43 


9.26 


107 


11.05 


91 



1,1-dichloroethylene 
1,2-dichloropropane 
Methyl isobutyl ketone 
1 ,2-dibromoethane* 
o-xylene 



• known mutagen 
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SOLID PHASE EXTRACTION OF POLY AROMAT I C HYDROCARBONS 
FROM DRINKING WATER. 

w.G. Craig, J.M. Craig, and R.G.Walker, Paracel Laboratories 
Ltd., Nepean, Ontario, K2G OG3 and CD. Hall, Laboratory Services 
Branch, Environment Ontario, Rexdale, ON, M9W 5H. 

The use of solid phase extraction (SPE) for the analysis 

of polyaromatic hydrocarbons in water has been investigated. 
Current methodology involves the liquid liquid extraction (LLE) 
of the PAHs using dichloromethane followed by quantitation by 
HPLC with fluorescent detection. This research project was 
undertaken in order to develop a method that would allow the 
simplification of existing techniques, reduced use of toxic 
solvents, greater reproducibility, increased operator throughput, 
decreased storage and shipping costs, and that would be more 
amenable to the introduction of robotics. 

The study began with the examination of phenyl, 
cyclohexyl, octadecyl and cyonopropyl phases using ethyl acetate 
and iso-octane as the eluting solvent. All phases were acceptable 
(but for convenience the octadecyl phase was selected for 
detailed examination) and iso-octane was the better eluting 
solvent. 

Products from five different manufacturers (Baker, 
Supelco, Analytichem, Alltech and Waters) were evaluated and 
found to be comparable. Five different Lot Numbers from one 
manufacturer (J. T. Baker) were examined and all lots were found 
to give acceptable results. 

The recoveries were found to be consistent over a twenty 
fold range of concentrations, e.g., from 125 to 2500 ng/L in the 
case of pyrene. 
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PAHs were shown to be stable, when adsorbed onto octadecyl 
SPE columns, by storing columns with adsorbed analytes for 
periods of up to three months at room temperature. 

The recoveries of PAHs from four different natural waters 
(Verner raw water, Lakeview raw water, Ottawa City tap water and 
a drilled rural well) and one reference water (supplied by Dr. 
Brian Hellabone of Carleton University) were determined. It was 
found that with a matrix other than tap water the recoveries were 
very low, <20% in some cases, when iso-octane is used as the 
eluting solvent. The poor recoveries were likely caused by the 
multitude of phases present, preventing the interaction between 
iso-octane and adsorbed analytes. This situation was easily 
corrected by eluting, first, with a small volume of acetonitrile 
followed with iso-octane. The acetonitrile replaced the water 
and, being miscible with both water and iso-octane, allowed a 
more efficient elution. 

In order to simplify the method, the effect of alternative 
eluting solvents were ascertained. Ten ml of iso-octane were 
required for complete elution of analytes from BOO mg columns and 
the solvent then had to be evaporated prior to quantitation. 
Acetonitrile (3 mL) and, alternatively, toluene (3 mL) were used 
to elute adsorbed analytes, followed by direct injection of the 
eluate onto the HPLC. Recoveries were low for the higher 
molecular weight compounds when acetonitrile was used and low for 
the low molecular weight compounds when toluene was used. 
Replacement of iso-octane with pentane, which is more easily 
volatilized, gave excellent recoveries for all the PAHb including 
naphthalene. 

Interfering substances were not a problem, throughout the 
project, when quantitation was by HPLC with a fluorescent 
detector. 
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Breakthrough Volumes: 

The possibility that adsorbed analytes might be desorbed 
form the column during passage of the sample was investigated by 
adsorbing small amounts of a PAH [e.g., 10 ug of anthracene) onto 
a 500 jog octadecyl column, pumping 1940 ml of water through the 
column at a flow rate of 5 ral/min using an HPLC, and monitoring 
the passed water with a fluorescent detector. Under these 
conditions breakthrough would have easily been seen at the 10 
ng/mL (10 ug/L) level in the passed water and no evidence of 
anthracene in the passed water was found. Thus, we can conclude 
that, for this quantity of anthracene, even after the passage of 
more than twice the amount of water present in one sample (800 
ml), that breakthrough, if it occurs, is lees than one thousandth 
of the quantity of adsorbed analyte per mL of passed water. 
Similar results were obtained for f luoranthene. 

Conclusions : 

The uBe of solid phase extraction for the analysis of PAHs 
in water is a feasible analytical technique allowing the 
quantitation of PAHs including naphthalene from drinking water. 
Neither breakthrough of analytes, nor interferences when using 
HPLC with fluorescent detection, are a problem with the 
methodology developed. Further research should include work to 
further simplify the elution process. Approaches might include: 

1) the use of 200 mg columns (which have a smaller bed volume 
thereby allowing complete elution with a smaller volume of 
solvent than the 500 rag size), elution with acetonitrile, 
followed by direct injection, or 

2) replacement of the highly retentive C-1B phase with C-8 or 
C-2, or another less retentive phase to allow direct acetonitrile 
elution. 
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ADAPTATION OF WATER PRECONCENTRATION TECHNIQUES DEVELOPED 
FOR PCDD ANALYSIS TO OTHER TARGET ORGANIC POLLUTANTS. C.S. 
Shewchuk*. L.I. Brownlee and B.R. Hnllebone. Chemistry Department, Carleton Universiiy. 
Oltawa, Onlario. K1S 5B6. 

INTRODUCTION 

These laboratories, in conjunction with the Ontario Ministry of Environment, have 
developed a sampling unit capable of preconcentraiing water for ultratrace detection of 
PCDDs as pan of a water quality moniioring program for raw and treated drinking water'. 

The automated preconcentration sampler (APS) is able to accept treated or raw water 
sources. A schematic of (he sampler operation is shown in figure 1. The analytical process 
in the sampler system provides a dual function; first to filler paniculate from the sampler 
stream and then to concentrate the remaining water soluble target organics on the adsorption 
column for subsequent analysis. The adsorption technology utilizes a macroreticular resin 
(XAD-2) for which sampling conditions and elution and detection procedures have been 
established to permit recovery and analysis of dioxins at the ppq level . The fitter system is 
based on setting the distinction between dissolved and insoluble particles at 0.45 urn. The 
duplicate analytical systems each consist of 2 tubular filters placed in series to accommodate 
100 L of 50 NTU water and trapping >0.3 urn particles at 98% retention. 

Natural water contains suspended mineral particles coated with colloidal metal oxides 
and humic acids. These adsorb and transport significant amounts of organic contaminants. 
I his interferes with the accurate recovery and quantitation of these compounds since the 
natural compounds compete successfully with conventional analytical adsorption media. 
The APS overcomes this loss factor by preconcentrating organics using analytical filtration 
and resin technology in series. 

Depending on the specific particulates in a natural water supply, organic pollutants 
will establish an equilibrium of dissolved and adsorbed forms. The understanding of the 
influence the particulate and water matrices have in the distribution equilibrium between the 
filtered precipitates and the adsorbed solubles. This influence will vary with the molecular 
weight, aromaticity and chlorination of the pollutant. This knowledge is necessary for 
transfer of this technology to a more comprehensive protocol for the APS unit. The 
behaviour of eight compounds selected from the Ontario Ministry of the Environment 
priority pollutant list have been studied in the presence of a representative clay suspension 
using the APS sampler. 

EXPERIMENTAL 

The compounds chosen for this study include two polyaromatic hydrocarbons, 
benzoperylene and anthracene, and five organochlorines, PCB's, trichlorobenrene, 
octachlorostyrene, trichlorotoluene, lindane and mirex. These compounds vary in 
aromaticity, molecular weight, and degree of chlorination. Initial experiments were 
performed to determine the distribution of the target organics in an experimental situation 
by measuring the concentration of organics located in the water, on the panicles, or bound 
to the glass, as a function of turbidity over a fixed time period. 

lllite solutions with turbidities of 0, 0.1, 0.5. 1.0, 5.0 and 10.0 NTU were spiked at a 
concentration of 10 ng/L with the standard mixture of target organics and equilibrated for 3 
days. The samples were then filtered through a glass fiber filter of 0.5 um nominal pore 
size. The analytes were removed from the filter/paniculate by soxhlet extraction with 
acetone/hexane, from the water with hexane, and from the flask with acetone/hexane. They 
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were cleaned up using Florisit and will be analyzed by GC/ECD and GC/MS. 
The following set of experiments are in progress: 

APS Testing 

The distribution of target organics between filters and XAD resin in the APS sampler 
will be studied as a function of turbidity. Distilled water spiked with a standard mixture of 
target organics in methanol and varying concentration of illite will be run through the 
sampler. 20 L of water per side, for a total of 40 L will be sampled in each run. 

The first run has been completed and consists of distilled water only, passed through 
fillers and columns, to observe background noise. Then, preliminary tests will be performed 
to indicate adsorbance preferences of the trace organics. These will consist of the standard 
spiking mixture and distilled water passed through the column only, then, in another run, 
passed through the filters and columns. Experiments will then be done by passing illite 
solutions at turbidities of 0.1, 0.5, 1.0, 5.0 and 10.0 NTU ihrough the filters and columns. 
This selection of turbidities was chosen because it represents turbidities found regularly in 
treated and surface waters' and are within the limitations of filter capacity of the Balston 
tubular niters. 

Once the results from the target distribution experiments are known, the tests may be 
repeated with lap water and Mer Bleu bog water. These matrices will give us an indication 
of how different water sources affect particulate distribution. 

Note: 

All distilled water used in this study is filtered through a Millipore system and subsequently 
passed ihrough an XAD-2 column. 

The sampler is designed 10 run samples in duplicate (one sample per side) and each side 
consists of two filters placed in series (2 urn and 0.3 um respectively) and an XAD-2 resin 
column. 

The XAD-2 resin was used for the selected compounds since it has been successfully used 
in the determination of organochlorines from water*. 

In situ Extraction Apparatus 

The current procedure for extraction of organic analytes from a solid matrix such as 

a filter or soil sample is soxhlet extraction. 

To adapt this process to flalslon or cartridge filters there are several problems. To 
accommodate the filler size, a soxhlet apparatus must have a sample chamber of 1500 mL 
or 5000 mL. An apparatus of this size is awkward to clean and handle on a routine basis. 
In addition, in order to use a traditional Soxhlet apparatus, the filler musl be transferred 
from the Otter housing to the apparatus without compromising the analytical integrity of the 
filler or contaminating the worker by exposure to toxic chemicals on the filter. 

The objective of this pan of the study is examine the feasibility of an in situ Soxhlet 
extractor using the filter housing as the sampler compartment of the extraction vessel. 
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The apparatus is completed and is ready for testing. 

The new apparatus (figures 2 and 3) consists of: 

(i) Balston stainless steel filter holder. 

(ii> A 2000 mL. two necked round bottom flask. The center neck is straight, the side neck 
is angled. Both necks have 24/40 ground glass joints. 

tiii) A permanent syphon/condenser system that is mounted to a wall rack. The condenser 
is a copper coil slightly wider in diameter then the filter housing that will also function as 
the housing mount. The condenser is attached to an aluminum back by Swagelok bulkhead 
connectors at the water inlet and outlet. For more efficient cooling an insulating uialuU \s 
wrapped around the outside of the coil. The drain port at the bottom of the filter housing 
acts as the port for the 1/4" stainless steel syphon arm. It is attached to the bottom panel of 
the unit with a bulkhead connector at points A and B. A 1/2" glass/metal transition tube 
connects the syphon arm to the center neck of the round bottom flask containing the solvent 
via a 24/40 ground glass joint. The bulkhead connector serves as the transition point 
between the two tubing sizes. 

(iv) A vapour inlet connects the angled neck of the round bottom flask with the water out 
port on ilie filter housing. A 1/2" stainless steel tube is connected to the housing by a 
Swagelok adapter. A flexible stainless steel/glass end transition tube connects the vapour 
arm with the round bottom flask via a 24/40 ground glass joint. 



RESULTS AND DISCUSSION: 

The data from the study will be presented as a result of increasing complexity of the 
matrix; distilled water, distilled water with varying concentrations of illite, tap water, and 
bog water. 



REFERENCES: 

1. Ontario Ministry of the Environment and Carleton University, Chemistry department. 
Refinement and testing of a preconcentration sampler for dioxins in water. Final Report, 
1989. 

2 Ontario Ministry of the Environment. Carleton University and National Health and 
Welfare. Large volume sampling methods for analysis of raw and treated drinking water 
supplies far chlorinated dibentop -dioxins and dibemafurans. Phase two. Final report 1987. 

3. G.L. LeBel, D.T. Williams and F.M. Benoit. Use of Large-Volume Resin Cartridges for 

the Determination of Organic Contaminants in Drinking Water Derived from the Great 
hates. Adc. Chem. Ser.2 14; 309-25 (1987). 



344 



L^t/L"^ T d J B ' Pe ^ ival - Physical ^ Geochenucil Characteristics of 
Suspended Solids. Wdton Creek, Ontario. CanJ. Eanh Sci. 18: 1365-79 (1981), 



345 



I 



FIGURE 2: IN SITU APPARATUS: CONDENSEltoYPHON ASSEMttLV 
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FIGURE 3: IN SITU APPARATUS: TOTAL APPARATUS 
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ADAPTATION Or WATER PRECONCENTRATION TECHNIQUES FOR TRACE METAL 

[>1 IT.f HON II. R II bone. E- Powdall. K.l Singficld, Dcpartmem ol Chemistry, Csrlefnn 

University, Ottawa, Ontario, K1S 5Bb. F. Hopper. Lahoralory Services Branch, MOE 

ImrtHhiclion 

The overall goal of this project is ihe design, BMIWCtlon and verification of a water 
sampler for the prtconecnirutiori of trace metals from raw and treated drinking waier. in preparation 
lor analysis, by inductivel; coupled plasma emission spectroscopy (ICPES) This has been 
approached through the adaptation ol an existing prcconcenlration system for organic pollutants in 
raw and treated water developed in these laboratories, and currently under test by the Ministry of 
I he Environment. A schematic of the water sampler is shown Ln figure I. 

To use 1CPES effectively for water analysis and to take advantage of its simultaneous multi- 
element capability, continuous picconccntralion of as many as possible larger, trace metals is 
required. The target meials are a group ol potentially toxic meials found in raw and treated waters 
Mich as aluminum, chromium, cobalt, copper, iron, lead, manganese, mercury, molybdenum, nickel, 
sironiium, vanadium, and /.inc. The water samples also contain other meials at much higher 
coitcciiiraiions such j> sm.lu.im. potassium, calcium, and magnesium, ln terms of tOJtk nsk, ihcse can 
be called irrelevant . Their presence, however, can cause serious matrix interferences in ICPES 
analjsts. 

Successful trace analysis of heavy metal ions requires Ihe elimination of irrelevant but 
interfering hard mclal ions, in ibis preconccniraiion procedure, the separation of Ihe target meials 
from the irrelevant metals is being achieved through selective adsorption on a modified resin 
contained in a column The resin is modified by the addition of a chelating ligand. The column can 
simultaneously provide an adsorbing medium for the target trace metals and an cluting medium for 
ihi irrelevant metal inns Traditional methods involve collection of all meials. followed by the 
selective cluiion. cnprecipiiailon or extraction of the metals of interest. 

The differentiation of the irrelevant hard ai\J the trace sofi metal ions is possible because of 
their different complexing characteristics The hard alkali and alkaline earth metals exhibit a 
preference for a hard donor atom, such as oxygen, for cDmplcxalion. The soft heavy metals exhibit 
a preference for a soft donor atom, such as sulphur or niirogen. Therefore, preferential 
complcxation can be employed to separate hard from soft metals. To ensure that the undesirable 
meials are continuously cluled during the concentration of the heavy metals, the ligand should have 
soli nitrogen and sulphur donor atoms preferably used in combination with each other in a 
polydentatE Itgand 

The ligand-fo-rcsin bond can be formed by varying die resin type and manipulating the 
tcmiinal functional group on the ligand. to achieve various binding mechanisms. An adsorbeni link 
is most applicable lor the mclhodology desired in these studies, which requires fasl batchwisc resin 
preparation, flexibility in binding and cluiion of meials. and choice of clution products In ihe 
desired binding mechanism the bidcnlalc or chelate bgand is hydrophobically adsorbed to lite resin 
10 form metal complexes bv covalcnl donor bonds. The adsorption of the ligand to ihe pasta is 
sircngihencd by An electrostatic attraction bclwecn ihe hydrophobic aromatic structure of ihe resin 
anil ihe hydrophobic aromatic portion of ihe ligand. 

Some ccimtncrci.ilk available ligands that arc possible candidates for flic desired cxiraclion 
arc 2-mcrcapuipvndinc, 2-quinolincihiol, 2-mcrcapto[hiazolinc and 2-mercapioben/otrua/:olc. Most 
recent literature has shown the abilnv of S-mercaploquinolinc to preconcentratc micro amounis or 
elements In natural water These elements include a wide range of metals from both group #2 and 
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The type ol resin chosen 10 be tested was XAD^f. This resin has been successfully used lo 
suppon hydaiphohic chelate ligands which coordinate using cilher 2 sulphur atoms or 1 sulphur and 
I nitrogen alonv. 

Experimental 

The overall design ol the trace metals prcconecntraiion instrument is the same as thai of (lie 
organic sampler The major emphasis in adapting the design so one suitable tor metal analysis is on 
the replacement of stainless steel components with Teflon or other organic materials sueh as 
polypropylene. 

Initial tests were performed to determine which ligand yielded the optimum ratio of ligand 
to resin. Other considerations for the choice of ligand were the ease of resin preparation and shelf 
lilc of the loaded resin. Experimentation was performed using glass columns packed with 5 ml of 
the ligand loaded resin. All materials were snaked in concentrated nitric acid and thoroughly rinsed 
with deionizcd/disiillcd water. A SO ml cocktail of five heavy metals - cadmium, chromium, zinc, 
topper and lead (lug each) - and one or four undesirable metals - potassium, sodium, magnesium or 
calcium (10 lo 300 ppm each) ■ in deioniy.ed/distilled water was applied to the columns. The 
columns were then washed with 50 ml of deionizeuVdisulled water to simulate actual sampling 
conditions and to determine live retention of the hard and/or soft metals on the column The 
columns were then elulcd with 25 ml of 1* nitric acid and the samples were stored in polyethylene 
bottles. Solutions ol methionine or cysteine in 5% nitric: acid were also tested as possible eluting 
;iccnis 

To determine the initial adsorption to ihc resin, when the metal cocktail was added to test 
column, the clueni from the column was collected and analyzed. Also collected were the 
subsequent water washings of the column. 

Smaller ahuuois or nitric acid (5ml of \% nitric acid) were collected after being eluted from 
the column. This would indicate when the metals are eluted so that the amount of nitric acid 
required could be determined. 

The capacity of the ligand loaded resin column for the five selected metals was determined 
In applying an cquivalciii Of 2Js00ppb to the column(with 5mL of resin) in aliquots of 400ppb, 
400ppb. lOOOppb and lOOOppb. The aliquot was collected after passing through the column. The 
subsequent water wash was also collected. 

The capacity and elution of mercury was tested by applying a lOOppb mercury solution lo 
the column and then eluting with 10. 20 and 50* nitric acid. The capacity of all the selected 
metals including mercury were tested with all metals in one solution. 

Because or problems encountered with the flow sensor within the water sampler, namely 
that the flow rale represents the low end of the range of the flow sensor, tests were conducted to 
verify the possibility of increasing the internal flow rale of the sampler. For these experiments a 
column, manufactured for ihe sampler, was used in place of the glass testing columns. Using the 
ratio of bed volume to now (bed volumes per minute), flows equivalent lo lOOml/min and 
200ml/min were achieved. 

Studies with a new ligand, 2-aminobcnzo!hiazolc, were conducted. Metal adsorplion and 
elution were determined. 
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Results 

The ligand chosen was 2-rrtercaploberKOthiazo!e (MTB) since a ratio of 0.5 mmol ligand;! 
ml resin provided [he maximum concentration of ligand complexed on [he resin. This ratio presents 
2.5 mmol or ligand for every 5 mi of resin. The total amount of ligand attached to the resin is 
approximately 20% of tlie original quantity. The initial experiments of the column containing 100 
grams of treated resin were performed with a 1 mL test sample containing 1000 ppb of cadmium. 
After a 50 mL wash and a I % nitric acid cUition, essentially 90 % recovery was obtained. 

Recoveries in the presence of sodium and potassium interferences were not affected 
significantly compared to interferences by calcium and magnesium. The recoveries of test ions 
following elution are variable with and without the presence of interfering ions. The extracts were 
analyzed for the presence of these interfering ions and none were found, indicating that these ions 
were not bound to the Ligand at (be time of elution. 

Copper, zinc and chromium divalent ions yield low recoveries while those of cadmium and 
lead tend to be highest, particularly in the absence of interfering ions. Results indicate that of the 
three metals, copper, zinc and chromium, only copper is bound to the ligand in sufficient quantities, 
approximately 100% Approximately 93 and 97% of cadmium and lead, rcpectively. were bound 
This situation is unchanged in the presence of the alkali and alkaline-earth metals because these ions 
have very weak bonding to the chelating ligand 

Because of the high affinity of copper for the ligand, only approximately 9% is recovered. 
Cadmium and lead experience 100% recoveries. 

For the elution step, 25ml of nitric acid arc used. Tests revealed that most of the metal has 
been c luted within the firs! 15ml of the nitric acid. After 15ml of nitric acid, 98% of cadmium and 
99% of lead were elutcd. 

The capacity of 5ml of ligand loaded resin was determined to be, Cr(566 tlppb). 
Cu(1358.9ppb). Zn(39.0ppb>, Cd( 168.1 ppb). Pb<535. 1 ppb). The maximum possible capacity was 
2800ppb. The resin did not show signs of exhausting its capacity for copper and so the actual 
capacity could be much higher. Mercury, like copper, was completely adsorbed to the column. The 
capacity of mercury was unly tested with lOOppb, however the actual capacity is possibly much 
higher than this value. There was no elution of the metal with 10, 20 and 50% nitric acid. 

When tested at the actual flow rale of the sampler, lOOrnl/min. the column exhibited 
adsorption values similar to those described above. However when the flow rate was doubled to 
200ml/min the adsorption values dropped by approximately 20% for each metal. As was expected, 
the elution values are dramatically reduced when the flow rate was increased to lOOml/min and 
200ml/min. 

Tests with 2-amuiobenzoihiazolc proved that the Ligand did not have sufficient adsorption or 
elution abilities. No further tests with this ligand were conducted, 

Discussion 

The adaptation of the dioxin prcconcenuation sampler to the detection of trace Levels of 
heavy metal ions has involved several major considerations. The first is the conversion of all 
internal surfaces from stainless steel to inert plastics to rrunimize the adsorption of metal ions or 
hydratcd metal oxides to any hydrophillic surfaces Another, is the adaptation of the filtering sicp 
to insoluble mcial detection Finally, of much importance, is the development or a suitable ligand 
for soluble metal ion detection 
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The fust step is completed and ihe fully adapted precooccnlnttion ijislnjmcnl will be 
luiKinMi.il in [he ne. if liiiure. The second sicp requires only ilie identification of liher materials 
-imiljr 10 ihose mod m the organic sampler which will noi interfere with mildly acidic extraction 
processes required lor metals The adaptation ol lhc column adsorbcm procedures is the mosi 
important feature of [his research. A technique is being developed to be transparent io irrelevant 
iL>ns and thus, seleciively capturing the heavy metal ions ol' interest The adsorbent is ireaicd wiih 
ion selective hgands in an cfton lo preferentially adsorb lhc (race ions at the 40 ppb level in a 
background of 10 to 300 ppm ol alkali and alkaline earth mclal ions 

The results show thai MTB is an effective chelating agent in varying degrees tor all Df lhc 
test metal ions. It does not appear io bind eilhcr Ihe monovalent alkali metal ions or the divalent ^ 

alkaline earth ions hi.i does appear lo bind lhc target mclal ions. The ligand also displays a large 
capacity for the metal cations tested, namely cadmium, lead and copper The ligand is also capable 
or supporting metal chelation at elevated flow rates to 200ml/min. 

The 1% nilnc acid medium is adequate for effective clution of ccnain tcsi ions, namely 
cadmium and lead. The work on this lirsl ligand las provided evidence lhai the concept of 
selective trace metal ion capture is viable, and further work to optimize the ligand structure should 
permit ihe effective analysis of most toxic metals at or below ihe ppb level. 
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CH LORINATED AND NOH- CHLORINATED ORGAH1CS STORAGE STUDIES 

U.K. Neaves* and B.6. Fong 

ENVIROCLEAN, 921 Leathorne St.. London. ON. N5Z 3M7 



The widespread implementation of programs to monitor and control 
trace organic contaminants has brought with it a need to refine 
sampling, storage and analysis protocols. Of key concern is the 
stability of the compounds of interest in various sample types 
during transport and storage prior to analysis. This information 
would be of value, both in developing valid sampling and analysis 
procedures and in planning monitoring programs. The objective of 
this study was to compile information from existing sources 
regarding the stability of a variety of sample matrix-organic 
compound class combinations to recommend optimum sample storage 
conditions where possible, and to evaluate the completeness of 
the information available. 

Sample matrices studied were air-cartridge (AIR-CI . air-SUMMA 
canister (AIR-S) , air-filters (AIR-FI . biota (BIO) , 
drinking/surface water (DW], sediment (SED), vegetation (VEG). 
and waste waters (WW) . Organic compound classes studied were 
acid extractable-phenolic (AE) , base neutral extractable 
compounds 1BNI. carbamate pesticides (CPI. chlorinated dibenzo-p- 
dioxins and dibenzof urans (DX) , neutral chlorinated extractable 
(OC) , organophosphorus pesticides (OP) , acid extractable-phenoxy 
acid herbicides (PA) . phenyl urea pesticides (PP). resin and 
fatty acids (RA) , triazine herbicides (TRI , volatile organics- 
halogenatad (VH). volatile organics-non halogenated (VNJ, and 
volatile organics-sulphur compounds (VS) . A listing of the 
number of data points obtained in this study for each matrix- 
class combination of interest is shown in Table 1. 

Data was obtained from published stability studies. In some 
cases, information was extracted from other works which included 
sample stability aspects as a minor part. Unpublished sources of 
data were identified but very little of this information could be 
obtained . 

Data obtained in the course of this study were compiled into a 
relational database. Storage recommendations were made after 
statistical analysis of this data. From Table 1. it can be seen 
that for some matrix-class combinations, the recommendations were 
made on limited data. For these combinations and for 
combinations where no data were obtained, recommendations for 
further experimental work were made. Methodologies for 
performing sample stability studies were examined with a view 
toward a standardized statistically validated approach in future 
work . 
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Table 1 . Number of Data Points lor 
Sample Matrix-Organic 
Compound Class Combinations 



Compound 


Matrix 










CUM 


AIR-C 


AIR-F 


Ain-g 


BIO 


DW 


SED 


VEQ 


WW 


M 











*24" 


937 











BN 





32 


a 


2 


442 


36 





72 


CP 


xxxxxx 


xxxxxx 


XXXXXX 


xxxxxx 


8 


10 


36 





DX 














31 








a 


OC 


4 


D 


a 


264 


S44 


14 


14 


11 


OP 


xxxxxx 


XXXXXX 


xxxxxx 


■ 7 • 


46 


2 


66 


6 


PA 


xxxxxx 


XXXXXX 


XXXXXXjXXXXXX 


■ 


2 


2 





PP 


xxxxxx 


XXXXXX 


xxxxxxjxxxxxx 





xxxxxx 


xxxxxx 


1 


RA 


xxxxxx 


XXXXXX 


xxxxxx 


xxxxxx 





xxxxxx 


xxxxxx 


66 


TR 


XXXXXX 


XXXXXX 


xxxxxx 


xxxxxx 


4 


g 


8 





VH 


68 








xxxxxx 


156 


18 


XXXXXX 


2 


VN 


so 


2 





xxxxxx 


23 


10 


xxxxxx 





VS 











xxxxxx 


xxxxxx 


xxxxxx 


xxxxxx 


xxxxxx 



* * - denotes combinations tor which data was obtained 
and reported but not required. 

XXX - denotes combinations nol required tor th» work. 
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INFLUENCE OF VALUATION DISPARITIES ON JUDICIAL 
CHOICE AND LEGAL SANCTIONS 

Jack L. Knetsch 

Simon Fraser University 

Burnaby, British Columbia V5A 1S6 



Legal restraints and controls not only influence the ac- 
tions of individuals, but continue to play a large role in the 
design of environmental policies. Consequently, the response 
to legal sanctions and rewards is an on-going concern to both 
judicial and regulatory approaches to environmental control — 
in choices between injunctive and damages remedies, and in the 
design of policies and enforcement strategies. 

The purpose here is to indicate the extent to which judi- 
cial choices and legal sanctions may be influenced by a heavier 
weighing of losses over foregone gains, and the acceptability 
or unfairness of actions that are rooted in such valuation dis- 
parities. 

Conventional legal, as well as economic, analyses assume 
that people's willingness to pay to acquire or maintain entit- 
lements and the compensation they demand to give them up, will 
yield equivalent measures of changes in people's economic well- 
being. However, empirical evidence from numerous controlled 
tests is not at all consistent with this traditional equiva- 
lence assumption (Knetsch and Sinden, 1984; Knetsch, 1989; and 
Knetsch, Thaler and Kahneman, 1989). The observations of large 
and persistent differences between economic values measured on 
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the basis of willingness-to-pay and compensation-demanded as- 
sessments of economic sacrifice, or value, together with the 
implications of such disparities, is now the subject of in- 
creased research attention (Knetsch, 1988; Smith, 1989). 

The differing weights attached to gains and losses has 
also been found to influence people's judgments of what they 
regard as acceptable or unfair behaviour in economic rela- 
tionships (Kahneman, Knetsch and Thaler, 1986) . If an action 
is seen to impose a loss on one party for the benefit of anoth- 
er, this will nearly always be widely seen to be unfair quite 
apart from whatever economic justification might exist. For 
example, raising prices in response to sudden shifts in demand 
or cutting wages when unemployment increases, is judged to be 
unfair by vast majorities of people. A major motivation for 
these judgments appears to be that losses matter much more than 
foregone gains. 

This strong intuition to value losses more than com- 
mensurate gains, and the implications for the resolution of 
competing legal claims, was summarized by Oliver Wendell Holmes 
in the following terms: 

"It is in the nature of man's mind. A thing which you 
have enjoyed and used as your own for a long time, whether 
property or an opinion, takes root in your being and cannot 
be torn away without your resenting the act and trying to 
defend yourself, however you came by it. The law can ask 
no better justification than the deepest instincts of man." 
(1897, p. 477). 
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Value Differenc es and Judicial Choices 

Contrary to judicial choices that would result from an 
equal weighing of gains and losses, legal decisions over a wide 
range of conflicts reflect a systematic treatment of losses 
being much more important than foregone gains (Cohen and 
Knetsch, 1989) , In these cases economic gains and losses are 
treated differently even though nominally commensurate. 

In actions seeking recovery of lost profits, for example, 
legal rules make a consistent distinction between "loss by way 
of expenditure and failure to make gain". While permitting 
recovery of economic losses, judges are very reluctant to com- 
pensate for "lost profits™ whether the claim is in contract or 
tort — recovery of expenditures is permitted, recovery of 
foregone gains is not. 

Another example where the valuation disparity manifests 
itself is in the distinctive treatment of performed and un- 
performed "intra-contractual promises". For instance, when a 
person promises to pay an additional sum for a previously ar- 
ranged contractual performance, the courts have uniformly 
denied the promisee the right to enforce the promise. However, 
if the plaintiff not only agrees to pay but actually transfers 
the money, courts will generally not order the money returned 
unless extortion under economic duress can be demonstrated. 
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The circumstances are indistinguishable except for the location 
of the money — whether the defendant is being asked to give 
back the money or forego receiving it. 

Similar distinctions are found in many other areas of law. 
These seem part of a consistent pattern of judicial choices 
that result from weighing actual out-of-pocket costs far more 
than the opportunity cost of giving up a gain. While numerous 
law reform proposals call for rulings which would "reconcile" 
and eliminate such "illogical distinctions drawn by existing 
law", court decisions over a broad array of cases continue to 
reflect community standards af fairness and values and accord 
greater protection of losses. 

The Coase Theorem and legal Sanctions 

Many legal reform proposals, based on conventional assump- 
tions of gain/ loss value equivalence, call for more specific 
alienation of entitlements to promote more efficient resolu- 
tions of externality conflicts, and for greater use of injunc- 
tive remedies to allow parties to resolve conflicts by private 
negotiations. For example, in a case such as a kennel creating 
a nuisance in a residential neighbourhood it is often suggested 
that courts simply identify the property right as either an 
entitlement to allow disturbances or to preserve tranquility, 
and then encourage the parties to bargain to an efficient solu- 
tion — homeowners can pay the kennel operator for quiet if 
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they feel it worthwhile, or the kennel operator can buy off 
neighbours if such voluntary transactions will leave a suitable 
profit. Similar suggestions have been made to nafce land use 
zoning alienable and explicitly fungible, to promote private 
bargaining and efficiency. 

These proposals are generally based on the conclusions of 
the Coase Theorem that, in the absence of transactions costs 
and wealth effects, people will voluntarily make any exchanges 
necessary to assure that resources are shifted to their most 
valued uses and that final arrangements of entitlements will 
not depend on original allocations or assignments. This 
prediction provides a strong motivation to worry less about 
which party is should prevail over the other, to make greater 
use of exchangeable entitlements and to avoid less flexible 
regulatory controls. 

However, the predictions that all beneficial exchanges 
will be made, and particularly that final entitlements will be 
independent of initial assignments may be largely incorrect, 
The expected outcome of final allocations of rights not depend- 
ing on initial legal positions, is based on the assumption of 
people attach equivalent values to gains and losses and belief 
that fairness notions have no influence on transactions. These 
are sharply at variance with empirical findings. The evidence 
of greater valuations of losses means that potential buyers 
will consistently value entitlements less than potential sel- 
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lers and this will greatly reduce the number of possible ad- 
vantageous exchanges [Thaler, Kahneman, and Knetsch, 19B9). 

Implications for Legal Sanctions 

Valuation disparities, of losses being more important than 
gains, appears to exert a major influence over legal decisions 
and the reactions to legal restraints. These differences, and 
their influence on perceptions of unfairness, are often not 
taken into account in proposed legal reforms or in the design 
of legal restraints on activities generating negative ex- 
ternalities such as environmental degradation. In contrast to 
traditional views of economic behaviour, the value disparities 
are very likely to have a large influence on people's reactions 
to the behaviour of others and to public policies and actions. 

A more appropriate accounting of gains and losses would no 
doubt lead to changes in the design of legal controls and like- 
ly to their greater acceptance and effectiveness. For exam- 
ple, to the extent that changes can be effectively framed as 
foregone gains rather than losses, they are likely to be more 
acceptable. similarly, redistribution of resources or entitle- 
ments may be less disruptive if it is not taken from one party 
to the direct benefit of another; but are instead designed to 
reimburse explicit costs borne by others or to be less than 
permanent in nature. And remedies for environmental losses may 
be of greater value if they mitigate or reduce the actual 
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losses or provide close substitutes rather than compensate in 
money or unrelated offsets (Knetsch, 1990) . 

On present evidence, some policy choices appear un- 
necessarily costly and generate acrimony that might be avoided 
with a better appreciation of the different impacts of gains 
and losses and the role of fairness judgments. 
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!0 INTRODUCTION 

Beach users will remember ihe summer of I 983 as an unseasonably hot and dry summer when an unusually 
high number of thetr favourite beaches were posted due lo bacterial contamination The resulting public and 
media outcry was answered in ihe form cl the Beach Management Program of the Ontario Ministry of the 
Environment Under ihis program, research into causes of the bacterial contamination identified sources 
such as combined sewer overflows, illegal saniiary connections to storm-sewers and the mismanagement 
o* livestock manure The solutions lo these problems often came with a high price tag and little indication 
of the exact nature and magnitude of resulting benelits Sound decisions could not be reached nor could 
priorities be established in the absence of a basic knowledge of ho* the demand lor beach recreation would 
respond 10 water quality 

A ground breaking study was completed in 1987 that provided the basic structure of a planning lool to 
evaluate and prioritize sile-specrtic remedial measures lor Ontario beaches (Usher. Ellis and Michotaki. 
1987) However, in ihe absence ol sound empirical research, ihe authors of ihis model resorted to ad hoc 
relationships lo describe Ihe response of beach users to changes In water qualily. Moreover, they were not 
able lo derive monetary estimates of the benelits associated with wateT qualily improvements 

This paper describes a subsequent study, sponsored by the Ministry of the Environment, thai undertook lo 
in some of the gaps in our understanding of beach user behaviour Obfecirves ol the study were 

to monitor beach use and beach attributes, including water quality, over a recreation season at 

several Ontario beaches: 

to interview beach users concerning beach use behaviour and water quality perceptions 

to develop and compare alternative measures of the value o! water quality to beach users 

20 METHODOLOGY 

Personal interviews were conducted with beach users at live beaches on Southern Ontario None ol these 
were major provincial beaches, rather there were two Greal Lake and three inland lake beaches ol local 
and regional significance In total. 442 homebased day-user parlies were interviewed on 34 days over the 
period July l to August 16 in 1963 Respondents were queued about their use of the survey beach and 
olher Ontario beaches, their perceptions of water quality conditions and other beach/park atirtbules. beach 
visitation cosis and their socio-economic and demographic circumstances The questionnaire also included 
open ended comment questions and questions related lo contingent values and contingent beach use The 
later questions invite the respondent to indicate how they would respond to or value a hypothetical change 
in water quality conditions 
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Ai the time ot she interviews, field staff also measured and recorded certain water quality and other 
environmental parameters that related directly 10 respondent perceptions such as wale' temperature, water 
clarity. Incidence ol posting, odour, presence of debris, and so on 

Descriptive statistics were prepared Irom the primary data and additional tests, relying primarily on 
regression analysis, were completed to examine the consistency ot water quality perceptions, to identify 
(actors that influence measures of respondent willingness to pay for water quality enhancements, and to 
develop travel cost measures of the value of water quality 

3.0 OVERVIEW OF BEACH USE 

Thirty 10 60 percent of all respondents at each of the survey beachs originated from a single large 
community near the beach Their average one way travel time was 23 minutes and the average travel 
distance. 22 kilometres. Average parly si2e was 4 1 persons of which 2 6 were family members Across 
beaches, average party size ranged up lo 5.9 persons at a beach featuring more family oriented activity 
Fifty-three percent ot all groups included children under the age of 1 2 

The mean length of slay at the beach was lour hours with 91 percent of all visits lasting less than six hours- 
Travel time to the beach tended lo increase with the length of stay at the beach (2-3 minutes tor every 
additional hour spent at Ihe beach]. Presumably the longer stay made a longer journey worthwhile 

Among Ihe activities that were pursued, retailing and sunbathing were actually more popular (a 96 percent 
participation rate) than swimming (79 percent) Picnicking (60 percent] and people watching (61 percent) 
came next in order of popularity Certain beaches featured specialized activities like hiking, cycling or wind 
surfing 

Average lotal out-of-pocket trips costs for the entire party were $22 comprising $4 BO lor season passes. 
S? 60 for gas. entry fees and other unavoidable costs and S9 *a lot rentals, meals and other discretionary 
costs 

4.0 WATER QUALITY PERCEPTIONS 

Four ol the live beaches received an average overall watet quality rating lying between "lair' and "good", 
with the fifth beach being rated "very poor" to "poor" This last beach also received low respondent ratings 
lor posting Irequency. temperature and water clarity. The major category of comments on water quality 
expressed concern over generally poor quality conditions (31 percent of all comments) Other dominant 
comment categories dealt with algae £16 percent), water clarity (17 percent) and bacterial contamination (16 
percent). No comments specifically addressed Ihe issue of toxic subslances. 
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Ratings of individual water quality indicators by respondents displayed a surprising degree of consistency 

with corresponding measurements of parameters related to those indicators. Perhaps not surprisingly, the 

strongest relationship was lor postings ([scores in brackets) 

In (POSTED RATING/5) ■ -0 024 , 287 In (1 ■ POSTING FREQ ) 
(^937) (12 825) 

Adjusted ft* ' 0S32, F -score » 164.5. no. obs ■ 34 

where: POSTED RATING = rating ol posting frequency 

(0 ■ 'all the time" to 5 = 'never') 

POSTING FREO • proportion ot days posted over the season 
(from 10 1.0) 

A strong relationship is to be expected here considering the direct evidence ol bacterial contamination 

provided beach users by placarding of beaches. 

Correlation coefficients for other regression relationships in this senes investigating individual water quality 
indicators are: 

Temperature Rating 0.615 

Rating ol Wave Roughness 400 

Rating ol Water Clarity 263 

Rating ol Odour 336 

Rating of Algae Density 407 

In each case, explanatory variables v. ere measures or interviewer ratings oi features in the environment that 
couid be perceived by beach users 

An strong result was also obtained when overall water quality ratings were regressed against respondent 

ratings ol individual water quality indicators [t-scores in brackets, two stage least squares regression) 

In (OVERALL QUALITY) . 17 - 31 In (TEMPERATURE) * 05 In (WAVES) 
(0 48) (1 55) (0 32) 

• 0.27 In (CLARITY) - 0.33 In (ODOUR) i 51 In (ALGAE) 
{0 651 (0 53) (144) 

- 66 In (POSTING) 
{3 261 

Adjusted R f • 779, F score = 20.34. no obs. = 34 
(two stage least squares regression) 

All of the variables in this equation were scaled to lie in a (0.1) intervaf and in every case larger values 
represented higher quality ratings. Regression coefficients all la!l within a (0.1) interval as expected The 
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magnitude of each estimated regression coefficient is directly proportional to the significance of each 
explanatory variable in determining the overall magnitude of the quality rating This suggests that beach 
closures have a predominant impact on respondent perceptions ol beach water quality. 

5.0 WILLINGNESS TO PAY FOR WATER QUALITY 

Respondents were asked the question. "What is the most that you would be willing to pay, say as taxes, over 
the period of a year, to assure very good water quality at any Ontario beach you might want to use? - . Out 
ol 318 respondents who answered the question. 92 (28 percent) indicated an unwillingness or reluctance 
to pay anything and 13 (4 percent) were willing to pay but couldn't state how much. The majority of staled 
payment amounts tell below $t 00 per year and the mean and median payments were respectively $62 and 
530 per year (estimates include amounts of $00 far those unwilling lo pay. bul exclude Ihose wbo didn'1 
know how much to pay|. Six respondents stated amounts in excess ol J5O0 The average paymeni amouni 
was highesi at that beactt with the lowest water quality rating. 

Respondent comments related to this quesiion revealed a telling difference between those willing to pay 
something and those who weren't Comments lor the first group emphasized an environmental concern or 
an interest in supporting a good ctean-up program (accounting lor 53 percent ol all comments from this 
group) while comments Ironi the unwilling group emphasized an obiecirori to more taxes or to govemmenl 
spending priorities (48 percent). 

Regression analysis to explain willingness to pay amounts suggested the lotlowing 

a stated concern with the payment mechanism was associated with a 530 reduction in payment 

amount, 

Ihe payment amouni Increases by S8 lor every S10O0 in gross household income, 

Ihe paymeni amouni falls by S26 if there are children in the family (perhaps because there is less 

effective available income), 

willingness lo pay increases with the total level of beach activity as measured by the total number 

ol beach Irips made by the respondent in 1987 

6.0 TRAVEL COST MODEL OF BEACH USE 

Survey data were used to develop a generalized travel cost model cH beach use Mendelsohn and 
Mafkstrom (19B9) describe this as a single equation model incorporating data from multiple sites In theory, 
travel distances to alternative sites In such a model are assumed to be the same for all users. In practice, 
this condilion is invariably violated and the model consequently Ignores substitution effects at the risk ol 
being subject to biased coetlicteni estimates. Time constraints precluded the option of developing 
respondent information tor substitute beaches (though such a step could readily be taken given the available 
survey data). 



Indrvidual respondeni observations were used in the traveJ cost regression analysis in this study rather lhan 
averages ol respondent data for each origin ?one as is customarily done This preserved the fuili range of 
information that is provided by (he individual respondent data It did. however, introduce two sources ol bias 
corresponding lo the uneven clustering of respondents in larger origin zones and a uniform distribution of 
observations across beaches that experience quite different levels ol popularity and that accordingly merit 
differing levels ot representation in the statistical analysts. To overcome these sources of bias, a weighted 
least squares regression procedure was applied using the following weighting term: 

(average no. of persons on beach T)/(no r of households in ongin'f) 

The dependent variable was defined as reported trip frequency to the survey beach in the year prior to the 
survey (1987) A variety of exploratory regressions were completed to identity appropriate functional form, 
significant explanatory variables and interactive effects between these variables Goodness of lit statistics 
and [scores On individual coefficient estimates provided the basis lor decisions at this stage 

This exploratory regression analysis led to (he following conclusions 

the best set ol explanatory variables included unavoidable out -of -pocket trip costs, the opportunity 
costs of travel time lor employed household members, overall water quality ratings (GUAL. i to S 
rating variable ranging from 1 to 5), a beach crowding variable (CROWD, average midday Count 
of persons per meter of beach length) and gross household income (INCOME, SOOO's/year) 
the opportunity cost of time should be discounted by a factor p4 12 in defining total trip costs, 
i e COST = (out -ol- pocket costs) + 12 (opportunity costs) 

(COST 15 measured as the per trip cost for the entire household) 
the COST end QUAL variables demonstrate a significant interaction 

The final regression equation that was adopted for subsequent analysis was (i scores in brackets): 

TRIPS/TO - -1 515 ■ 0273 {COST * QUAL) ♦ 3921 OUAL 

(-0 879) (-10-2881 (9 643) 

-l 623 CROWD i 059 INCOME 
(-3 290) (2 113) 

Adjusted R ; ■ 281. Fscore - 37.841. no. obs. * 378 

6.1 Consumer Surplus Calculations 

The households consumer surplus measure of value for annual beach visitation activity is measured as the 
area under the demand curve and above the price line This calculation was completed for each respondent 
separately using individual respondent measures for each independent regression variable This approach 
was used in order to have respondent consumer surplus value information that was directly comparable to 
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the individual measures of willingness to pay. In undertaking the analysis, the estimated demand curve was 
first shifted horizontally by the amounl of the regression error term for each respondent so ihat the curve 
would pass Ihrough the respondent's [COST. TRlP/YR) data point. Tots procedure implies that the encr 
ferm for each respondem captures (he influence ot unexplained factors on demand. It also assumes that 
the influence of these factors is independent of price. 

The consumer surplus calculation was also repealed lor each observation using responses to contingent 
questions eliciting information regarding. 

how often respondents would travel to the survey beach under conditions of very good and very 

poor water quality. 

how far. a( most, they would travel to reach the survey beach under existing quality conditions and 

it water quality were very good or very poor 

Responses to these questions provided a direct means of determining each respondents demand curve 
since they effectively identify the y axis and price line intercepts for each demand curve. By assuming a 
linear demand curve, the contingent measures of consumer surplus can then be calculated in the same 
manner as for the linear travel cost curve. 

Alternative estimates of consumer surplus are provided In Table i Both sets of estimates display a positive 
skew with the majority of values clustered below the means 

There is considerable disparity tor low wafer quality, between the contingent beach use and travel cost 
model estimates of consumer surplus. Moreover, the travel costs model estimates display much greater 
variability than the contingent beach use estimates. 

The value ol a change from existing to very good water quality can be measured as the difference in the 
total consumer surplus for beach visits under existing and very good quality conditions Based on the 
means in Table i t^ese differences are: 

Travel Cost Esiimaies - S68 

Contingent Beach Use Estimates - S90 

These values are in relatively Close agreement with each other and with ihe willingness to pay value of $62 
reported above Note that they represent an annual household value associated with all of the household's 
beach visits; they are not a user-day value for wafer quality improvement. 
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TABLE t 

ALTERNATIVE ESTIMATES OF THE VALUE OF 

ANNUAL HOUSE HOLD_BEACH VISITS F OR DIFFERENT 
LEVELS OF WAT ER QJJALJTY 



BASIS OF 
ESTIMATE 



WATER QUALITY 
CONDITION 



Average 
SI Deviation 

Minimum 
Lower Quart+le 
Median 

Upper Guartiie 
Maximum 

No Obs f 



Consumer's Surplus Estimated with 1 
a Travel Cosl Demand Curve 



Very 
Poor 



SIOO 
$340 

SO 

so 

so 

S25 

$2931 

358 



Existing 



$111 
$343 

$0 

$0 

$2 

$45 

S2931 

363 



Very 
Good 



$179 
$4S3 

$0 

SO 

Sli 

$100 

$3997 

332 



Consumer s Surplus Estimated with 1 
Contingent Measures o l Beach Use 



Very 




Very 


Poor 


Existing 


Good 


$4 


S24 


$114 


$17 


$61 


$790 


$0 


so 


H 


$0 


SO 


$10 


SO 


S3 


$28 


so 


$15 


$39 


S146 


$586 


S3 671 



NOTES 

1 Monetary values (S19B8} represent the value assigned by respondent households to their joint 
beach visits Over the penod o( a year (one vrsil is a visrt by alt household members) 

2 Numbers ol observations vary as a result ol omissions due to missing values lor certain 
observations and also due to deletions or outliers and Oala from respondents who appearr-d not 
to understand survey questions 
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7.0 DISCUSSION 

The analysis reported above strives to Throw some light on various empirical issues related lo amenity 
valuation as weft as lilling key gaps in our understanding c4 beach use behaviour in Ontario. The results 
are at times promising, but there remain major shortcomings thai likely frustrate the reader as much as they 
have the author 

Some success greeted efforts to understand water quality perceptions Earlier research efforts have had 
onfy limited success in incorporating water quality into recreation studies (Freeman III, 1979; Turner. 1977). 
Many of the difficulties have been attributed to water quality data that was ffl suited to the analysts In this 
study, careful attention was given to collection of a complete set of both user perception data and related 
water quality indicator measurements. The analysis of resulting data led to a conclusion that water users 
can formulate reasonable impressions of water quality conditions that are consistent with reality Moreover, 
the data analysis suggests that these impressions appear to influence recreation demand in a significant 
way. Providing users with information In the form of posting at beaches is a hey element in fostering 
accurate perceptions of water quaitiy conditions 

In his popular book on environmental economics. Freeman (1979} identifies a need for empirical research 
on the relationship between (rave* time and the length of slay at a recreation site as well as on the marginal 
utility value of travel time for recreation This study investigates of both of these issues. Travel time was 
found to be positively but weakly related to the length of stay Regression results suggested that the value 
of recreation travel is onty 12 percent of the wage rate, rather than 25 percent to 50 percent as found in 
commuter time travel work These findings require and verification. 

Three different approaches were used in estimating the value of improvements in water quality ■ a contingent 
value approach, a travel cost model and an approach based on contingent use data 

All three approaches are in surprising agreement about the value ol a water quality improvement This is 
of course comforting, but it doesn't necessarily mean that the findings a*e right. The travel cost estimates 
are likety biased due to a failure to consider substitutes within the model The willingness to pay estimates 
show evidence of payment vehicle bias, and a quantification of this effect was possible. The estimate ol 
benefii based on contingent use data show promise, but the general approach deserves some careful 
thought in order to evaluate its properties. Overall, however, the findings do provide a base of empirical 
information on beach use behaviour and beach user benefits Moreover, the beach user survey database 
developed in this study offers further opponunfty for research into the linkage between recreation behaviour 
and water quality 



373 



I 



ACKNOWLEDGEMENTS 

This research was funded by ihe Research Advisory Committee d1 the Omario Ministry ol the Environment 
(project no 374 C). J Leslie served as an able and dedicated research assistant producing valuable 
insights In the course ol her analysis A debt of gratitude Is also owned to 6 Forster who acted as advisor 
on the study team and to C Soulhey who graciously volunteered his time in helping J, Leslie with the 
analysis L Coplan. with the Ministry of the Environment, has been as most patient and heipfui liaison 
officer. None of these individuals must be held responsible for Ihe end product 



REFERENCES 



Freeman IU A Mynck 19 7 9 The Benefits of Environmental i mpr ovement , Johns Hopkins University 
Press. Baltimore 

Hoehn, J P. and C S. Swanson, 1989 "Toward a Satisfactory Model of Contingent Valuation 
Befiaviour in a Policy Val ualion Conlevi .' in Amenity Resource Valuation. Integrating Economics with 
other Disciplines, ed GL Peterson. B L Driver and R Gregory, State College, Pennsylvania. Venture 
Publishing Inc 

Turner, RK , 1977 The Recreational Response the Changes In Water Quality A Survey and 
Critique" International Journal of Environmental Studies.', p 91 98 

Mendelsohn. R and D Markstron. 1989. The use pf Travel Cost and Hedonic Methods in Assessing 
Environmental Benefits" in Amenity Resource 

Usher. Anthony, Planning Consultant, Jack EHis and Associates Limited. Michael Michafski 
Associates 1987 Beach Use and Environmental Quality in Ontario , for Policy and Planning Branch. 
Ontario Ministry Of the Environment 



I 



374 



I 
I 



E4 



VALUATION OF WATER DUALITY IMPROVEMENTS 



Anthony Bruno and Patricia Blytb 

Policy and Planning Branch 

Ontario Ministry of the Environment 



ABSTRACT 



Quantifying and valuing the economic benefits that 
would result from improvements in water 1 quality irf 
a challenge for researchers and policy makers. The 
process involves unravelling complex linkages in an 
environment where information is often incomplete 
and relationships not fully understood. Studies 
which have attempted to evaluate changes in water 
quality have defined two types of economic benefits 
associated with an improvement in water quality: 
benefits which accrue to individuals who use the 
water and benefits which accrue to individuals who 
place a value on the knowledge that the water is 
cleaner. This paper focuses on the steps that are 
involved in trying to quantify and value these 
types of economic benefits. Examples of how 
studies have tackled this problem are also 
presented. 



LINKAGES BETWEEN CLEANER WATER AND USE 

Policy makers are faced with important decisions concerning 
desired levels of water quality and expenditures on control 
activities. In terms of policy development, it is important 
to know how expenditures to improve water quality will 
ultimately translate into benefits for individuals, 
communities or society as a whole. An attempt to value these 
benefits will assist decision-makers in identifying the 
series of trade-offs among water quality levels, expenditures 
required to obtain those levels, and the different uses that 
result . 

Conceptually, the problem is relatively straightforward and 
simple. A particular water body is polluted thereby 
precluding certain end uses and the overall feeling that the 
water is not clean. The introduction of pollution control 
activities are required to improve the quality of the water 
allowing various water use activities to be restored. 
However, it will be shown that in reality the problem is far 
from simple. 

The benefits of improving water quality differ from other 
environmental goods such as air quality in that improvements 
in water quality translate into a number of end uses 
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including: swimming, fishing, boating, commercial fiBhing 
and more passive recreational activities such as bird 
watching, and picnicking near the share. In addition, there 
are other intrinsic benefits unrelated to water use that also 
require quantification. 

Intrinsic benefits arise from knowing that the improved water 
quality level will be preserved for our personal future use 
as well as for the use of future generations. Intrinsic 
benefits include option, existence, and bequest values. 
These intrinsic benefits are not restricted only to persons 
surrounding a particular water body, but could also be held 
by individuals on a provincial, national, or even global 
scale. These use and intrinsic concepts of value are further 
elaborated in Table 1. 

TABt^ 1 



"Use Values" are held by individuals who have an 
increase in welfare by actually using the cleaner 
water, for example, swimming or sportf ishing. 

"Intrinsic" value which arises from knowing that the 
water is cleaner and the option of participating in 
enhanced recreational opportunities. Intrinsic value 
can be subdivided into: 

Option value refers to an "insurance" value 
associated with maintaining the option to use the 
resource in the future. 

Existence value refers to the value placed on 
knowing that conditions have been preserved or 
improved. 

Baquest value refers to the value placed on being 
able to pass on to the future generations better 
environmental conditions. 



Measuring the value of recreational use and intrinsic 
benefits to society is problematic because these goods or 
services cannot be purchased or sold in markets as are cars 
or clothing. Environmental goods are classified as non- 
market or "public" goods which unlike market goods, do not 
have a specific price attached to them. Therefore, non- 
market goods such as water quality cannot be divided into 
separate units and are available to many people at the same 
time. Market or "private" goods are separate units which are 
purchased by individual buyers. For example, if one person 
buys an apple and eats it, another customer cannot buy the 
same apple. The lack of a formal market makes it difficult 
to place a price on public goods. 
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Quantifying and valuing the economic benefits that stem from 
pollution control activities involves consideration of the 
following relationships: 

The effect of the implementation of control activities 
on pollutant loadings. 

The relationship between the reduction in discharge of 
particular pollutants and the change in water quality. 

Translation of the change or improvement of water 
quality into a change in use. 

The relationship of the increase in use in terms of 

physical units and the monetary value of these units. 

The first two relationships are non-economic in nature and 
deal primarily with physical and biological processes. When 
pollutants are discharged into a watercourse, they enter a 
complex biological and chemical system which may result in 
the transportation, degradation and transformation of the 
contaminants. For example, when organic wastes enter a water 
course, they are degraded by bacteria. This reduces 
dissolved oxygen levels (a measurable component of water 
quality) to an extent and at a rate that depends on water 
temperature, wind, river flow rates and other physical and 
biological characteristics of the water body (Kneese, 1984). 
To further complicate matters, a reduction in one pollutant 
may affect one use favorably while affecting an alternate use 
in a negative manner. Because of these inter-relationships, 
it is difficult to establish a direct linkage between the 
contaminant discharged and its affect on water quality. 

Water quality models have been used to predict how a 
reduction in a certain contaminant affects indicators of 
water quality, but often, such models are limited to the 
prediction of the effect of a change in only one aspect of 
the ambient conditions, such as dissolved oxygen (Kneese, 
1984 and Marshall Macklin Monaghan, 198S). More complicated 
interactions often cannot be characterized. Moreover, these 
models cannot often definitively link the level of pollutant 
reduction to desired uses. It is an area of research that 
has just begun to touch the surface of the problem. 

The third linkage brings together biology and economics. The 
biophysical indicators of water quality are translated into 
•n increase in recreational or commercial use of the water 
body. As discussed above, the complexities of the physical, 
chemical and biological processes of the water courses often 
make it difficult to establish an explicit linkage between 
water quality and use. Making this linkage is essential in 
analyzing and valuing economic benefits. 
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The last linkage draws upon economic theory to aid in 
assigning a dollar value to an increase in use. These latter 
two relationships are the focus of this paper and are 
discussed separately below. 



TRANSLATING IMPROVEMENTS IN HATER QUALITY TO AN INCREASE IN 
USE 

To value the benefits associated with each level of water 
quality requires an estimate of the increase in use of 
different activities and the value of that increase. 

Improvements in water quality may give rise to an increase in 

recreational activities in two ways: new activities may be 
made possible, while existing activities may be made more 
enjoyable. In the literature, most studies do not estimate 
benefits from enhancing the activity. Therefore, this 
discussion will be limited to the valuation of new 
activities. 

A variety of methods have been employed in the literature, 
some using sophisticated techniques, with others relying 
heavily on professional judgement. One technique la to 
estimate the change in participation by means of regression 
analyses. This method was applied in a national study on 
fishing in the United States. A telephone survey of 300,000 
individuals was conducted to determine whether individuals 
participated in fishing. The data were then used in 
regression analyses to project fishing as a function of water 
quality (Vaughan and Russell 1982). It was estimated that 
for the U.S. the total user-days per year of fishing would 
increase by 11,000,000 as a result of water improvements due 
to the introduction of the U.S. Federal Water Pollution 
Control Act . 

Another method is to apply elasticities to the current number 
of user-days. A recreational use elasticity represents the 
responsiveness of activity levels to different quality 
levels. This provides an estimate of the change in user-days 
that would result from an improvement in water quality. A 
study on recreational benefits in Ontario used this method to 
estimate the increase in recreational days that would result 
from a 25% reduction in phosphorous. Using literature based 
elasticities, it was estimated that user-days for 
recreational activities would increase by a total of 50,000 
for six lakes (DPA, 1987), 

Sometimes, other rather inventive methods have to be found 
when limited information exists. One study based their 
estimates on the actual fish yield that would result if 
certain control technologies were implemented (Marshall 
Macklin Monaghan, 1988). It was estimated that 
implementation of these control measures would result in an 
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increase of between 2,700 and 5,600 angler-days per year. 
Another study based its estimates on the difference between 
current use and potential use in an environment which was 
unconstrained (APOCEE, 1989). The potential use figures were 
obtained from a provincial survey (Metropolitan Toronto, 
1987). While their figure for user-days is an overestimate 
of the actual user-days that would result in a constrained 
environment, it does provide a gross estimate of the likely 
magnitudes . 

It is recognized however, that there are other factors 
unrelated to water quality which will constrain demand and 
restrict participation at a local level. For instance, in 
Northern Ontario, the cold temperature of the lakes preclude 
swimming regardless of the quality of water. Access is often 
another problem unrelated to water quality. The availability 
of substitute activities located nearby may influence use of 
the water body. Lastly, perceptions play a key role in 
determining use. People may not swim because they believe 
that the water is unsuitable even though from a biological 
standpoint, the water is safe for swimming. A number of 
quality factors that appear to influence recreation are 
described in (DPA, 1987) . These include catch rates and type 
of species for fishing and water clarity for swimming as some 
factors that influence these particular uses. Some studies 
have adjusted their results using professional judgement to 
include some of these factors, however, more research in this 
area would begin to bridge the information gap and would 
produce harder and more Credible benefit estimates. 



VALUATION OF BENEFITS 

Economic theory provides us with the required tools and 
methods to estimate the monetary value of both user-days and 
intrinsic benefits that result from improvements in water 
quality. 

Economics attempt to quantify changes in an individual's well 
being induced by changes in the consumption level of a good 
using monetary values. The monetary measure of consumer 
benefits or "welfare" of improvements in water quality is 
associated with an increase in the quantity of cleaner water. 
An investment in pollution control measures would lead to 
the public good of "cleaner water" which would result in the 
creation or enhancement of end-uses. In making decisions 
regarding the levels of investment required for control 
activities, the value of water quality improvements needs to 
be quantified. 

Economists refer to "consumer's surplus" as an economic 
measure of value which shows changes in an individual's well 
being from changes in the level of water quality. Consumer's 
surplus can be described as the maximum amount of money an 
individual would be willing to pay for a certain good above 
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what the consumer is already paying for it. The individual 
would be willing to pay a higher price over and above the 
current price of the good in order to continue consuming it 
rather than giving it up. The maximum wi 1 1 ingness-to-pay 
(WTP) represents this additional benefit or value the 
consumer gets. The actual amount the individual spends on 
the good would never be greater than the individual's WTP. 
Therefore, the surplus value, or the difference between the 
maximum WTP and actual expenditure, is referred to a 
consumer's surplus. 

The concept of consumer's surplus for a traditional market- 
traded good is illustrated in Figure 1. Demand curves can be 
used to measure maximum WTP, actual expenditures, and 
consumer's surplus. The demand curve is made up of a series 
of price-quantity pairs of points for a particular commodity. 
The demand curve is downward sloping because it demonstrates 
the relationship that as the price an individual pays to 
consume an additional unit of a good increases the 
individual will consume less of the good. 

In Figure 1, if an individual were charged price P for each 
unit of Q, expenditures would equal the area under the demand 
curve POQB. However collectively, individuals would be 
willing to pay a price higher than P. Thus, individuals 
total WTP is represented by the area AOQB. Consumer's 
surplus equals the difference between these two quantities 
under the demand curve APB. The value of area APB represents 
WTP or "economic value" of the good which is associated with 
the concept of valuing benefits. 

THE CONCEPT Of ECOHOMIC V*mt . CONSUMER SURPLUS 



Supply Cirnr* 
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As mentioned earlier, since water quality is a public good, a 
unit price for the good cannot be eaBily determined. 
However, it is clear that people value clean water. 
Studies relating to water quality have used a variety of 
economic tools or methods to estimate consumer's surplus 
associated with improvements in water quality. The next 
section concentrates on some of these methods. 



Economic Valuation Methods 

The methods can be grouped into indirect and direct 
approaches which are illustrated in Figure 2. These methods 
which estimate the value of consumer's surplus incorporate a 
complex set of assumptions which are specific to the site 
studied and the population who can or will utilize the water 
body for various activities. 



VALUATION OF AN ENVIRONMENTAL GOOD 
DIRECT VS INDIRECT APPROACHES 



DIRECT APPROACH 



INDIRECT (MARKET) 
APPROACH 



CONTINGENT 

VALIMT'ON 
(CVM) 



OBSERVED DEMAND FOR 
RELATED MARKET 0000(3) 

1 1 J 

HOUSEHOLD TRWEL HEDONIC 
PRODUCTION COST PRICE 

FUNCTION METHOD METHOD 



WILLINGNESS TO PAY 
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Indirect Valuation 

Indirect methods attempt to infer implicit values for water 
quality changes based on the prices of private goods and 
services. One approach is the hedonic price method (HPM) . 
which attaches monetary values to environmental goods through 
the analysis of housing markets. This method relies on 
actual observed real estate prices and behavior that 
individuals undertake in response to the effects of changes 
in water quality. In other words, changes in water quality 
levels would affect an individual's decision to buy or sell a 
home since the level of pollution in a water body will 
ultimately affect the price of the surrounding properties. 

Another approach is the travel cost method (TCM) , which 
estimates the demand for recreational activities. This 
method estimates WTP for recreational activities from the 
costs of travel and time incurred in getting to the site. 

A third method is the household health production method 
where monetary estimates of health damages associated with 
water pollution are derived. A functional relationship is 
developed between human health attributes, exposure to water 
pollution, and expenditures on private goods (such as 
pollution abatement equipment and medical services) which 
minimize health risks. 



Direct Valuation 

A direct approach in valuing improvements in water quality 
attempts to elicit consumer's valuations through survey 
interview methods. The contingent valuation method (CVM) 
relies on the individual responses of a cross section of the 
affected population on their willingness to pay for a given 
improvement in water quality which increases and/or enhances 
varioue recreational uses. The approach may also be used to 
determine amounts individuals would be willing to pay for 
avoiding a deterioration in the level of water quality. 

These direct and indirect methods have been employed in 
studies to estimate consumer's surplus. Table 2 shows the 
range of values for a fishing day that have been estimated by 
various studies. These estimates of consumer's surplus were 
derived using the direct survey approach or the travel cost 
method. The economic value of one day fishing ranges between 
$6 and $95. The lower dollar estimates may be more 
representative of the value associated with waterbodies that 
do not achieve an edible sportsf ishery . The higher values 
may represent excellent fishing conditions where high 
populations of sport fish, such as trout and bass, are 
stocked. The range could also be attributable to the 
location and characteristics of the fishing experience, or 
the methodology employed in the study. Studies estimating 
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consumer's surplus usually incorporate a set of assumptions 
and descriptions which are largely specific to the sites 
being examined. For these reasons, it is preferable to 
conduct primary data and research on WTP . 



Table 2 

ESTIMATES OF CONSUMER SURPLUS ASSOCIATED 

WITH RECREATIONAL FISHING (USE VALUE) 

(in 1987 Canadian Dollars) 



Activity 
Being VaUitd 


1 

Location 


Consumer 
Surprusper 

fishing Day 


Source of 
Estimate 




AfrCfMtiOMl F>lh«ng 


6 Ontario 1 jfcn 


in 


OTA study 




l»lmort Fishing 


Viooni, > C 

Cimpbril Rinr. ■ C 
S«fwtt.lC 
Port AJb«mi H I.C 
Cjnipblll Rivf r Gwdtd 


» 

10 
11 

n 

K 


oe*««t, 




A*tt*4t»on4 fiihng 


Afb*ru 


Jl 


AdamowKl ind Philips 




A*tr**lio«J! f ,&h,r*g 


Hllibunon/Mulkoki Seg.0*. 

Onttift 


11 


Victor *nd Bun** 




Artgiirtg 


Lik* oi ih« Woods, Oot»fio 


1 


Hough, Sumou^ *nd Michitoki 




Jtom Filfomg 
Crtftih Fishing 


Ftt filhirtg Kin. U 5.A 


>1 


v#ugha*i tnd luiv#tl 




Pithing 


AdtrontfMfct, MY 


13 


DPA Study 




F.ih*ng 


Srtlk* fcw. ltf*N> H 


WASlwtj 





Marshal Macxlin Monaghan Lta, Assessment of Proposed 
Remedial Action Plans for Hamilton Harbour, 1988. 



However, primary information and research is not always 
possible due to budget constraints or a short study 
time-frame. In these cases, studies have used values from 
the literature in benefits estimation. If this method is 
used, a careful examination of the assumptions and the site 
specific characteristics used in the study is necessary to 
ensure that the values applied will correspond to similar 
type experiences and conditions. For example, a study 
completed by Marshall Macklin Monaghan Limited (1988) 
applied a range of values from the literature to their 
estimates of increased user-days of fishing activity, A 
range of between $6 and S40 was selected to represent the 
economic value of one day of fishing. Higher estimates were 
eliminated because it was felt that they represented 
exceptional fishing conditions which would not be comparable 
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to the conditions at the Hamilton Harbour site. Based on 

their estimate of 5,650 angler days and providing that 

specific control measures were implemented the total annual 

use value from fishing was estimated as $130,000 per year. 

It should be noted that when estimating the consumer's 
surplus for recreational fishing, two further complications 
are encountered: 

1, Distinction between types of species. 

2. Distinction between edible and non-edible fish. 

Cenerally speaking, trout, bass, walleye, (sport fish) are 
more preferable than fishing for groundf eeders such as carp. 
These species would presumably be valued higher by anglers. 
Also, it is likely that being able to eat the fish would also 
result in a higher economic value. This could be a result of 
two factors: participation increases because the fish are 
edible and/or the economic value increases because they are 
edible. Unfortunately, no studies to date have distinguished 
between a sport fishery and an edible sport fishery. In the 
Marshall Macklin Monaghan study, the author recognized that 
higher values may be placed on edible fishery. No attempt 
was made to adjust any results because it was not clear to 
what degree the estimates of consumer's surplus would vary 
according to whether the fish was edible or non-edible. 

Estimating intrinsic benefits is similar to estimating the 
value of user benefits except that defining the population 
area for the purpose of quantifying economic value is more 
problematic. This occurs because the population affected is 
not limited to only users of the water body. 

Conceptually, it is feasible that a larger population would 
be willing to pay something to either preserve the lake, have 
the option to use it in the future or have knowledge that the 
water is cleaner. The question becomes what area is most 
realistic for estimating an increase in intrinsic value. 
There are a variety of possibilities that could be 
investigated. The Marshall Macklin Monaghan study (1988) 
applied estimates of value to the number of households in the 
Regional Municipality of Hamilton-Wentworth and the City of 
Burlington. The study did not attempt to estimate intrinsic 
values for a larger target area even though it is also 
feasible that every household in Ontario places some value on 
improving the water quality level at Hamilton Harbour. How 
would economic value differ among these two groups? It ia 
possible that residents near the water body would value it 
more than residents living further away from the water body. 
Unfortunately, it would be difficult to estimate these 
differences without collecting primary data. 
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Table 3 illustrates the range of intrinsic values that have 
been estimated in the literature. Currently, only the 
contingent valuation method has been used to estimate 
intrinsic values. The number of studies estimating these 
types of benefits is far less than for use benefits, partly 
because it has only been recently that intrinsic benefits 
have been recognized as "real" benefits that require 
quantification. 

TABU 3 



ESTIMATES OF INTRINSIC VALUES 
{1987 Canadian Dollars per Household per Tear) 



Hop Use Valued 

Green ley, Walsh & Young* 
Snith and Desvousges:** 

From boa table to 

fishable 

From beatable to 

swimable 
Marshal Macklin Monaghan 

From Boatable to 

f ishable 

Froia boatabla to 

swimable 



Opt.ll.il 


Existence 


Bequest 


Total 


5 37 


5 


41-5* 


$ 28-53 


1 


106-146 


18-33 




n/a 


n/a 




n/a 


34-44 




n/a 


n/a 




n/a 


n/a 




n/a 


n/a 


s 


87-146 


n/a 




n/a 


n/a 


5 


103-153 



The lower estimate of existence and bequest values relates to 
non-user household only; the upper estiute are fio* user and 
non-user households combined. 



Estimates derived using iterative bidding from $125 are not 
included in this range since they are considerably higher than all 
other estimates . 



Source : 



Marshall Nacklin Monaghan Matted, Assessment of Proposed 
Remedial auctions Plans for Hamilton Harbour, 1988. 
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Several reasons for the range in values are discussed in 
(APOGEE 1989). Differences are cited in: 

methodology among the studies 

the size and characteristics of the water bodies of 
concern 

the magnitude of the proposed changes in water quality 
and the ways in which these quality changes are 
described 

alternatives available to the individuals being surveyed 
with respect to water based recreation, the distance 
that must be travelled to get to cleaner lakes to rivers 

which offer these opportunities 

whether a value is being placed on improving water 
conditions or preventing their deterioration 

Estimates of intrinsic value are indicative of the magnitude 
of the likely benefits that would result from improvements in 
water quality. These estimates will become more credible as 
more research is conducted and the techniques and approaches 
employed tested and improved. 



CONCLUSION 

Estimating the benefits of expenditures on pollution control 
measures for given measures in water quality is not an easy 
task for today's policy- makers. This paper has shown that 
there are a number of problems and limitations on both sides 
of the equation - the biological/engineering sphere and the 
economic analyses. It is recognized by researchers that this 
problem is indeed complex. More work is required in all the 
disciplines but especially in providing information on 
translating the pollution reduction into improvements in 
water quality and into improvements in use. This would allow 
the production of more credible and useful benefit 
est imatea . 

Benefit estimation is a valuable component of the decision- 
making process and allows us to have a sense of what control 
measures are buying us in terms of improvements in 
environmental quality. This is a difficult concept for most 
to comprehend, but it is used almost everyday when decisions 
are being made. The only difference being, the benefits we 
are trying to value pertain to goods which are not traded on 
the market place. Does this mean that they have no value? 
Clearly people do place a value on cleaner water, cleaner 
air, trees, and parks. In order to allow policy makers to 
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make informed decisions regarding the allocation of 
resources, these values, whether user or intrinsic need to be 
incorporated into the decision-making process to portray a 
more balanced picture of the problem. 
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SOCIAL IMPACT ASSESSMENT IN WASTE MANAGEMENT PLANNINO 
WHERE ARE WE AND WHERE ARE WE OOINQ1 

Ann M. Joyner, MMS, M.CJJ 1 . 

Senior Environmental Planner 

MM. Dillon Limited 

Consulting Engineer!, Planner! and Environmental Sciential! 

47 Sheppvd Avenue Ent 

WUlowdak, Ontario 

M2N 6H3 

Waste management planning has reached a point where the focus is on waste 
reduction, re-use and recycling initiatives that minimize the requirements for 
unwanted landfill and combustion facilities. Despite this integrated approach, 
such facilities are usually a part of waste management plans. The consequence of 
this is that some communities must bear a larger burden of environmental impacts, 
human health risks and costs in order to benefit the entire community. 

The social impact analysis that is part of the environmental assessment process 

should anticipate, analyze and assess the significance of these effects. Most 

importantly, the studies should ensure that recommendations to mitigate effects 

are incorporated into the design and Include procedures to respond to the unequal 
burden placed on the host community. 

It Is now timely for the industry to step back and review what we have Seamed in 
the social impact assessment field for waste management We can use this know- 
ledge to plan ahead before facilities are targeted and anticipate the perceived and 
real effects that wlli face a host community. 

In the following minutes I will review the key steps currently undertaken in social 
impact assessment for waste management projects with reference to specific studies 
completed by MAI. Dillon Limited. [ will then summartae the benefits of S1A and 
some central issues arising from the social assessments. Finally, 1 will present 
some ideas regarding the future or social Impact assessment in waste management 
planning. 

The context for waste management planning in Ontario generally falls into two 
categories. Either the project Is being undertaken as a waste management master 
plan under the Environmental Assessment Act (EAA) or it is undertaken under 
the Environmental Protection Act (usually requiring an EA Act esemptlon). 
Often projects are un.:.rtaken under both acts. In any case, it has been our 
experience that a b, ,ad definition of the environment encompassing social, 
natural and economic aspects of the environment (basically as defined in the 
EAA) is applied for all recent waste management projects. It is tils conteit that 
1 will refer to in my remaining time here. 



WHAT TS SOCIAL IMPACT ASSESSMENT? 

Social impact assessment is a description of social change that is the direct or 
indirect result of a proposed policy, program or project. The objective is to 
predict social impacts and suggests ways to control, manage or reduce effects 
while giving consideration to the views of the public. A key aspect of social 
impact analysis is not only to identify ways to mitigate effects but to deal with 
residual effects of waste management projects on the host communities. 

KEY COMPONENTS OF SOCIAL IMPACT ASSESSMENT IN WASTE MANAGEMENT 

PLANNING 

The following outlines the key components of social impact assessment (Si A) in 
waste management planning focusing on facility siting within an environmental 
assessment framework.. 

1. SI A in selection of candidate areas for facility siting (usually involving 
constraint mapping exercise). 

2. SIA in selection of sites within candidate areas. 

3. SIA in site comparison. 

4. SIA in detailed site assessment for the preferred site. 

5. SEA in recommendations for mitigation, monitoring and development of 
compensation policies. 

TYPICAL SIA APPLICATIONS IN WASTE MANAGEMENT PLANNING 

a) Site Selection for Landfill 

Hawksbury and Northumberland Waste Management Muter Plans and 
Dcmtar Wood Residue Disposal Environmental Assessment 

Factors were selected to measure displacement of and disruption to residents 
and community features. Portions of the study area were excluded where 
major effects were expected. A progressively increasing Level of detail was 

applied as smaller site areas were identified from within the larger candidate 
areas. For comparison of candidate sites the number of residents and 
community features within the site vicinity impact zones and along access 
routes was considered as well as characteristics/location of the residences 
and featurcs- 

For the Domtar wood residue study, consideration may also be given to distri- 
bution of benefits from the Cornwall paper mill (the source of the waste) to 
surrounding municipalities which are potential host communities- 
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The information for these factors was tabulated and/or mapped as appropriate 
for the specific site selection stage and the information was considered in 
establishing sites and comparing among sites. At the site comparative evalua- 
tion stage, mitigation measures and net (residual) effects were identified for 
each factor Tor each site. 

In each waste management project the social assessment factors were consi- 
dered highly important and influenced final siting decisions. In addition, 
proposed mitigation measures were carried forward to the final design stage. 

b) Detailed Assessment 

Private Sector (BF1) Medical Waste Treatment Facility (Under EAA) and 
Detailed Assessment of Preferred Sites for Landfill Projects (Under EAA 
and Environmental Protection Act) 

A detailed social assessment was undertaken for development of a proposed 
private medical waste Incinerator facility for a preferred site location. The 
data were obtained from secondary source information and face-to-face inter- 
views with key community contacts. Factors applied in the assessment 
included displacement and disruption of residences and community/recreation 
features. Consideration was given to the definition of the local community, 
community character, response to the proposal, noise, visual, air quality and 
traffic effects. Specialist consultants were added to the team to assess each 
of these disciplines in detail. The results of the analysis were used to deter- 
mine the overall acceptability of the proposal and to develop recommendations 
for mitigation measures. 

The detailed social assessments undertaken for landfill sites under the EAA 
and Environmental Protection Act also use a multi-disciplinary team. Data 
are obtained through secondary sources, face-to-face Interviews with 
surrounding residents (usually within S00 m of the proposed siteX key infor- 
mant interviews and workshops. Displacement and disruption to residents, 
community/ recreation features and the community are assessed. An 
economic analysis is undertaken in parallel covering local and municipal 
economic effects. The results of the analysis are used to determine the over- 
all acceptability of the proposal and to develop recommendations for mitigation 
and compensation measures. 

c) SIA in the Resolution of Conflicts In Waste Management Planning 

Essex County Landfill No. 3, Landfill Expansion (Under the Environmental 
Protection Act) 

In a recent short-term landfill expansion project in Essex County, the social 
analysis and public participation programs contributed significantly to the 
resolution of major areas of conflict prior to the EA Board Hearing. In this 
case, the ongoing Public Liaison Committee functioned to identify a final 
contour plan and waste reduction program that was considered to be 
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acceptable lo the host municipality. The Liaison Committee and the results of 
a public workshop on visual effects helped to establish the basis for an 
agreement among the major waste producer, proponent and host municipality 
as to an acceptable continued use concept and a compensation package to 
offset residual effects. 

The community impact assessment also identified numerous design and opera- 
tions procedures that will be necessary to ensure that social impacts are 
kept to acceptable levels. For example, measures lo control dust, odours, 
litter, noise and visual intrusion were identified. The S1A also identified 
that enforceable guarantees, to ensure that the mitigation measures would be 
implemented, were necessary to provide a sense of security and control to 
the community. These guarantees were identified as important in minimizing 
community impact and reducing community opposition. 

BENEFITS OF SIA 

The SIAs completed to date for waste management projects indicate that SIA will 
identify potential social Impacts and ways of managing these Impacts, assist In 
resolving conflicts and help to deal with residual effects. 

SOME KEY ISSUES IN SIA FOR WASTE MANAGEMENT PLANNING 

The following outlines the key issues that have arisen In recent SIA's in waste 
management that should be anticipated and planned for: 

1 Even with state-of-the-art technology and optimum siting, the SIA will iden- 
tify residual effects with respect to such effects as noise, dust, visual, 
odours and traffic under occasional adverse conditions due to landfltllng. 
These effects lead to the demand for compensation by local residents and host 
communities. 

2. Social equity issues arise in identification of preferred sites. 

J, Perceived effects will be raised by the public, and 

4. Host communities and affected residents may have low confidence in design 
and operations procedures put forward by the proponent to manage social 
impacts. 

SOME FUTURE INITIATIVES IN SIA FOR WASTE MANAGEMENT PLANNING 

The following future initiatives respond to the key issues that have reoccurred in 
recent SIAs: 

1. Recognize at the outset the need for intensive SIA with an associated public 
consultation program. 
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2. Recognize and plan to accommodate compensation to the affected residents 
and host community in some form. 

3. Recognize and assess social equity Issues, 

4. Recognize perceived effects. 

5. Plan to monitor social impacts during operations and closure including dust, 
odour, air quality, litter, traffic and visual effects; and 

6. Recognize the value of SIA in identification and resolution of issues before the 
hearing. 

Social impact assessment is a relatively new discipline in waste management 
planning. Consequently, the procedures vary widely by practitioner and the 
requirements of the expert are not clearly defined. Despite these possible criti- 
cisms, the value of SIA In waste management planning is clear given the range of 
possible effects/social change that come about due to waste management projects. 
SIA has proven useful in identifying and resolving concerns prior to hearings, In 
providing recommendations for the management and control of effects, and In 
dealing with the inevitable residual effects of waste management facilities. We 
must build on the experiences we have gained to date, anticipate the key social 
issues that will arise and plan to resolve these issues. 
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AWARENESS AND PARTICIPATION LEVELS IN HIGH-RISE 
APARTMENT BUILDING RECYCLING PROGRAMS 

Virginia W. Maclaren 

Department of Geography 

University of Toronto 



1.0 INTRODUCTION 

This study is the second of a two-stage study on apartment building recycling. While 
the first stage concentrated on developing a typology of existing waste management 
practices and source-separation activities in apartment buildings (Maclaren 1988), this stage 
examines the factors which affect resident awareness and participation levels in existing 
apartment building recycling programs. 

At the time of the study, during the summer of 1988, there were very few apartment 
building recycling programs in existence in Ontario. This condition is expected to change 
rapidly in the next few years as municipalities move beyond the now extensively adopted 
"blue box" curbside program to the more complicated development of recycling in high- 
rise apartment buildings. Since the success of apartment recycling programs will depend 
not only on being able to provide facilities for recycling but also on the extent to which 
residents choose to use these facilities, this report aims to contribute to our understanding 
of how to achieve the highest participation levels possible. 

The report begins by identifying factors which affect awareness and participation in 
recycling programs. The next section describes the study's research design and response 
rates for the survey. This is followed by a description of the publicity efforts used in 
different buildings and the survey of the residents in those buildings. The concluding 
section summarizes the major findings and discusses the implications of the results for 
future recycling programs. 

2.0 AWARENESS OF THE RECYCLING PROGRAM 

Unlike publicity for curbside collection programs, publicity far high-rise apartment 
recycling programs must be tailored to the individual building. As noted by Maclaren 
(1988), single family housing has a single type of waste management system (i.e. waste is 
collected at curbside), while (here are many different types of waste management systems 
possible in apartments buildings, depending on the design of the building. This means that 
instructions for residents on how to recycle will vary by building type. Another 
distinguishing characteristic of apartment building recycling programs, in contrast to single 
family curbside collection programs, is that it is almost impossible to launch a program 
iimultaneously in all buildings in an urban area. Past experience has shown that staged 
implementation is more likely because of the amount of time needed to approach individual 
building owners and negotiate an appropriate recycling plan (City of Toronto 1989). Staged 
implementation and building design differences mean that mass media resources such as 
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television, radio, and newspapers are noi appropriate for publicising the operational 

characteristics of apartment building recycling programs. 

Other methods have to be relied upon to make residents aware of recycling programs 
in their buildings. These can include: posters, letters, notices, newsletters, or verbal 
communication from the building superintendent. Residents may also hear about the 
program by word-of-mouth from their neighbours. Two requirements for effective 
communication with most of the above publicity methods are literacy (for written 
communications) and knowledge of the language of communication (for both written and 
oral communications). 

3.0 THE DECISION TO RECYCLE 

Once residents become aware of the existence of a recycling program, they can then 
make the decision to either participate or not participate in the program. Previous research 
has shown that there are a number of factors which are known to influence this decision. 
Cook and Berrenberg (1981) suggest that personal satisfaction in behaving consistently with 
conservation values, and anticipation of social approval or financial gain are factors which 
actualize intentions to participate in different types of conservation programs, such as 
recycling. Hertzberg (1983) and Sinclair (1987) have shown that the imposition of 
mandatory recycling can increase participation levels substantially over those levels achieved 
in voluntary recycling programs. 

Although an individual may be motivated to recycle, previous research has shown 
that there are also several factors which may inhibit attempts to do so. These include: 
physical disability; lack of recyclable* in the household; storage problems within the 
apartment unit; and convenience, or the overall effort required to participate. Finally, the 
effect of both motivating and inhibiting factors have been shown to vary by socio-economic 
group. 

4.0 RESEARCH DESIGN 

Since the literature has shown that participation rates in residential recycling 
programs lend to vary by socio-economic characteristics of the population and the 
convenience of the program, the survey was designed in such a way as to examine the 
impact of variation in these two factors. Two types of building tenancy were selected: 
rental and condominium. Residents of rental units are likely to differ from residents of 
condominiums in terms of a number of important characteristics, such as income, length of 
tenancy, and age. The influence of the "social approval" factor may also he stronger in 
condominiums than in rental units because of the potential for a stronger sense of 
community in a jointly owned building. Apartment buildings operated by cooperatives or 
public housing agencies were excluded from the study because of sample size limitations. 
Senior citizen housing was also excluded. 

The convenience of a program was defined in two ways. As noted above, one 
indicator of convenience is the number of materials that residents are asked to separate. 
Therefore, buildings with both single material (newspaper only in this case) recycling 
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programs and rnu I ti -material (newspaper, glass, cans) recycling programs were included in 
the sample. The final factor examined was a second measure of convenience, if residents 
were asked to set out the sorted materials on their floor, then the program was designated 
"convenient". In contrast, if residents were requested to carry sorted materials to another 
floor, then the program was designated "inconvenient". 

Given the considerations described above, the following eight high-rise apartment 
building recycling programs were identified for inclusion in the survey: 

1. a condominium with "convenient" newspaper recycling; 

2. a condominium with "inconvenient" newspaper recycling; 

3. a condominium with "convenient" multi-material recycling; 

4. a condominium with "inconvenient" multi -material recycling; 

5. a rental building with "convenient" newspaper recycling; 

6. a rental building with "inconvenient" newspaper recycling; 

7. a rental building with "convenient" multi-material recycling; 

8. a rental building with "inconvenient" multi-material recycling. 

Unfortunately, not all program' types were available in Ontario at the time of the 
survey (summer, 1988). No condominiums were found to have "convenient" multi-material 
recycling programs in place. Consequently, this program type was dropped from the study 
design. An additional problem was that many of the buildings with recycling programs had 
a fairly small number of units. In order to obtain a reasonable sample size within each 
program type, it was sometimes necessary to sample from more than a single building. 
Twelve buildings were ultimately selected, of which three were from Toronto, two from 
Kitchener, four from Hamilton, two from Guelph, and one from Burlington. 

One hundred residents were interviewed from each of the seven program types, using 
a variety of interview techniques. All interviews were conducted in the evening between 
the hours of 4:30 PM and 8:30 PM. Apartment units were selected by means of a 
systematic sample with random starts on each floor. If residents were not home, two 
callbacks were attempted before selecting another unit in the sample. The overall response 
rale for the survey was 87%. The high response rate suggests that non-response bias should 
not be a serious problem. 

5.0 METHODS OF PUBLICITY USED IN SURVEYED BUILDINGS 

No single publicity method was being used in all of the buildings. Three of the 
buildings do not provide ongoing publicity about the recycling program. Ongoing publicity 
is essential for the success of a recycling program since, without it, new residents may not 
become aware of the existence of the program and old residents may cease participating 



Throughout this report, the term "program type" will be used to refer to buildings 
in one of the above categories. Although this terminology may be confusing since "program 
type" also implies different building types (i.e. rental buildings or condominiums), it is 
meant to simplify the discussion of results. 
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in the absence of prompts. 

Although there is variation in the amount of publicity used in the different buildings, 
only the rental building with "convenient" newspaper recycling and one of the rental 
buildings with "inconvenient" newspaper recycling are completely lacking in ongoing 
publicity. The interviewers noticed thai almost all of the posters used to announce the 
recycling program for the first building had disappeared. In the second building, the only 
indication of the ongoing nature of the program was the existence of a newspaper recycling 
bin in the basement. 

6.0 RESULTS: RESIDENTS' SURVEY 

6.1 Awareness Levels . Residents' awareness levels of recycling programs in their buildings 
range from a high of 97% in the "inconvenient" multimaterial condominium and the 
"convenient" newspaper condominium to S4% in the "convenient" newspaper rental program. 
Application of a chi-squared test to this data indicated that there was a statistically 
significant relattoaship between awareness and program type. The outcome of the 
awareness test appears to be largely attributable to the low awareness levels in the rental 
building with "convenient" newspaper recycling. This low awareness level may be a 
consequence of a poor publicity campaign described above for this building. 

6.2 Finding Out About the Pro gram. The way in which residents found out about their 
recycling program varied according to the initial and ongoing publicity methods used in 
their buildings. However, in buildings lacking an ongoing publicity program, the visibility 
of the recycling bins and information from neighbours were two of the most important 
methods of communicating the existence of the program. 

6.3 Participation Levels . Net participation levels are the percentage of households 
participating among those who are aware of the existence of a recycling program in their 
building. These levels are fairly similar across program types, ranging from 74% to 89%. 
The rental building with a "convenient" newspaper recycling program exhibits the lowest 
participation levels, perhaps due, in part, to the lack of an ongoing publicity program in the 
building. Although the participation rates of sampled residents varied among the different 
program types, and tended lo be lower for the "inconvenient" programs, this variability was 
not sufficiently strong to be considered statistically significant. 

Gross participation levels are simply the participation levels among alt households 
surveyed, regardless of whether they were aware of the program or not. Reflecting 
primarily the wide variation in awareness levels among the different programs, they range 
from a high of 90% to a low of 40%. Although no statistically significant relationship was 
found between net participation and program type, gross participation and program type 
were found to be related. 

6.4 Reasons for Not Participating . The most frequently cited reason for not participating 
in a recycling program is lack of recyclables within the household (46.9%). The twelve 
remaining reasons are headed by "too lazy" ( 1 1.2%) and "lack of time" (7.1%). Interestingly 
enough, four of the five buildings in which "lack of recyclables" has been cited by (he 
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highest percentage of respondents (ranging trom 43.8% lo 86.7%) are rental buildings. A 
cross-tabulation of this reason against income levels and a difference of means test on 
household size shows that individuals citing insufficient recyclable: as a barrier to 
participation tend to have lower income levels and smaller households. There is no 
discernible pattern of responses by program type among the other reasons cited. 

6.5 Reasons for Participating , The most frequently died reason for participating in a 
recycling program is thai (he respondent was told to do il by the building's management 
(24.7%), The next most frequently cited reasons are thai it reduces garbage (21.4%), 
promotes the reuse of materials (19.5%), and conserves resources (17.9%). Four of the 12 
reasons cited are related to concern for the environment ("reduces garbage", "conservation", 
"reduces pollution", and "stops deforestation"); two are related to the economic benefits of 
recycling ("saves money" and "creates jobs"); and the remainder have no common 
characteristics. 

6.6 Amount of Material Recycled , There is a statistically significant relationship between 
the amount of newspaper and glass being recycled and the "convenience" of a program. 
Theory suggests that the amount recycled should be less in buildings with "inconvenient" 
programs since residents may find it difficult to use the inconvenient recycling facilities on 
a regular basis. The results show that 97.6% of the respondents in "convenient" programs 
are recycling 75% or more of their newspaper, while only 88.1% of the respondents in 
"inconvenient" programs recycle this amount. The percentage of respondents recycling 75% 
Or more of thier glass in "convenient" programs (88.5%) is about 13% higher than the 
number recycling in "inconvenient" programs. The results for metal recycling are 
contradictory and not statistically significant. The highest level of metal recycling occurs 
in an "inconvenient" building; however, the lowest level of metal recycling also occurs in an 
"inconvenient" building. 

6.7 Program Convenience , All participants in the apartment recycling programs were asked 
to identify one or more aspects of their program which ihey felt were particularly 
convenient or inconvenient. Overall, a larger percentage of respondents identified reasons 
why they felt their recycling program was convenient (43.5%) rather than inconvenient 
(16,0%). This is, perhaps, an indication of the extent of satisfaction with existing programs. 
About two-fifths of the participants (40.5%) did nol respond to the question. 

The two most popular responses, by far, among those participants identifying 
convenient characteristics were: the recycling bins are in a convenient location (66.2 L S); 
and not much effort is required to participate (64.7%). Breaking these two responses 
down by program type, we find that the proportion of participants from "convenient" 
programs indicating that the recycling bins are close or convenient is significantly, but not 
substantively, higher (68.5%) than the proportion in "inconvenient" buildings (603%). On 
the other hand, the proportion of participants from newspaper recycling programs indicating 
that their program is convenient because not much work is involved (62.8%) is not only not 
significantly higher than the proportion from buildings with multi-material recycling 
programs (66.9%), bin ii is actually lower. 

Almost all (82.6%) of the participants identifying characteristics about their program 
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which they fell to be inconvenient were from "inconvenient" recycling programs. The most 
frequently cited reason why participants felt their program was inconvenient was one related 
to the operating characteristics of the recycling program. Just under half (45.9%) of the 98 
participants responding to this question felt that there was a problem with storage rooms 
becoming messy or with bins overflowing. Some participants felt that the program was a 
personal inconvenience, either because of the amount of work involved in separating 
materials (173%) or because of the problem of spatial constraints on storing goods in an 
apartment (17.3%). Surprisingly, very few people felt that the location of the recycling bins 
was inconvenient. In fact, only five of the 81 participants (6.2%) from "inconvenient" 
programs who identified inconvenient characteristics responded that the bins were too far 
away. 

6.8 Willingness to Source-Separate More Materials . When asked whether they would be 
willing to recycle more materials, the majority of participants (85.7%) said "yes". This is a 
positive indication of the degree of enthusiasm that currently participating residents have 
for recycling. There was no statistically significant relationship between the responses to 
this question and program type. 

6-9 Mandatory Rec yclin g Programs . There was a fairly even split between those who 
thought recycling should be mandatory for apartment residents (45.1%) and those who 
thought it should not (46.7%). There was no relationship between attitude towards 
mandatory recycling and either awareness of or participation in an existing recycling 
program. On the other hand, the relationship between opinion about mandatory recycling 
and program type among those currently participating in a program was found to be highly 
significant. Experience with an existing program appears to affect attitudes towards the 
imposition of mandatory recycling. The two program types with the highest degree of 
opposition (57% to 60%) are in condominiums, while the two program types with the lowest 
degree of opposition (31% to 40%) are in rental buildings. There is no pattern of attitude 
variability by convenience of the program or by the number of materials being recycled. 

Most individuals (18.9%) had no specific reason for favouring mandatory recycling 
other than the fact that it was a "good idea". Additional reasons cited were related to 
protection of the environment, efficiency of the program, cost savings, and the feeling that 
it should be done now rather than later. 

Among those objecting to mandatory recycling, most individuals (33.1%). again, had 
no specific reason other lhan stating that recycling should remain as a voluntary activity. 
Other reasons cited included the difficulty of enforcement, problems that the elderly and 
disabled would have with complying, and the general view that it would be infeasible. 

6.10 Program Improvements . At the end of the questionnaire, respondents were asked 
whether they had any additional comments to make about the recycling program in their 
building. Almost exactly half of the 291 individuals who had additonal comments expressed 
their enthusiasm about the program and felt that it was a "good idea". Other comments 
included: add more materials ( 17.9%); provide more information ( 13.7%); provide financial 
incentives (9.3%); and make the program more convenient (4.8%). 
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7.0 CONCLUSION 

The results of this study stress the importance of effective initial and ongoing 
publicity for high-rise apartment recycling programs. Even though average participation 
levels are high, the difference in participation between the buildings with the lowest and 
highest awareness levels is significant. It is not sufficient simply to provide residents with 
the opportunity to recycle; residents must be made aware of this opportunity and 
periodically encouraged to keep participating. 

Surprisingly, this study found that the operational characteristics of a program (i.e. 
convenience, number of materials) do not appear to have a significant effect on 
participation levels. This result is encouraging since it means thai fairly high participation 
levels can be achieved even when there is a single centrally-located recycling bin in the 
building and when there is more than a single material included in the program. One 
qualifier to this conclusion is that, since recycling programs in many of the buildings 
surveyed had been operating for a fairly short time, the operational characteristics may turn 
out to have an impact on participation in the long term. A second qualifier is that these 
conclusions extend only to the materials included in the programs surveyed, namely 
newspaper, glass, and caas. Although the majority of currently participating households 
(87.5%) expressed willingness to separate additional materials, the superintendents of many 
buildings surveyed were pessimistic about the feasibility of adding certain materials, such 
as food wastes, to their recycling programs. 

Finally, the results of this study have shown that participation levels in apartment 
building recycling programs can achieve levels just as high, or even higher, than those in 
curbside collection programs. This is a promising conclusion for the expansion of apartment 
recycling programs across Ontario. 

REFERENCES 

City of Toronto (1989) A Material Recovery Plan for Highrise Apartment Buildings. Report 
approved by City Council from the City of Toronto Department of Public Works on April 
6. 1989. 

Cook, S.W. and Berrenberg, J.L. ( 1981) Approaches to encouraging conservation behavior: 
a review and conceptual framework. Journal of Social Issues 37(2): 73-106. 

Hertzberg, R, (1983) Government and recycling: the New Jersey experiment, part II. 
Resource Recycling 2(5): 16- 19. 

Maclaren, V.W. (1988) Determinants of Participation in Solid Waste Source Separation 
Programs in High-Rise Apartment Buildings, Phase 1 Report. Unpublished report 
submitted to Ontario Ministry of the Environment, July, 1988. 

Sinclair. R.G. (1987) Solid Waste Reduction Through Recycling (Toronto: Recycling 

Council of Ontario). 



400 



E7 

EulnfcnlinjL tbe Kconotnic »nd Financial Impacts of 
New Kttlrral Environ menial KrqiTirrmcnt* Faring 

Ivors) Governments in the United States 

Brett It . Snyder 

Kaioomic Studies Branch 

Office cf Policy Analysis (PM-22I) 

U.S. Environmental Protection Agency 

401 M Street, S.W. 

Washington. DC. 20460 

intro im ctton 

Municipalities play a major rok in supptying environmental sennets in the United Sum Local governments 
have taken responsibility for providing drinking waier, sewage treatment, and waste disposal m a majority of communities 
Over the past fifteen tD twenty years, tresst of the mandates Tunnel in the federal environmental JegisJatmn enacted in the 
carry 1970s have been met. The increase in the number of people served and improvements in the quality of local 
environment u I services have been ranstdcrable, as has the investment in public infrastructure to meet these laws. 

Iteetnt revisions to the environmental legislation have established a broader and more stringent set of standards 
to be met by suppacrs of cnvtronnwrntal scrvces. As a result, many local government* arc now faced with having to 
maintain all or some pan of (heir puhue services at a higher level of performance. To meet these new standards will 
require additional investments in capital, and increases im rates charged to customers for environmental services 

The ability of a municipality to meet the requirements of environmental regulations deper»ds not only on which 
regulalions it must meet, but also on its financial health and on h«w it organizes its environmental services. Geographic, 
demographic, and political factors all corwrihuie lo a municipality's deciskm to own, operate, and choose the level of 
environmental services it will provide ds citUcns, [n addition, municipalities thai allocate resources to environmental services 
can eflcctrvch/ reduce expenditures for health care, welfare, and housing. 

Ths study examines what additional investments the new environ me mat legislation win require local governments 
to undertake, and ihe likelihood that they will face difficulties raising the necessary funds through capital market* and 
revenues from customers. The unique feature of ih» study & its attempt to estimate the cumulative costs and impacts 
of meeting a eomhuwd set of tfPA requirements, and la determine whether they wjy place a significant burden on the 
fiscal conditions ef (oca) governments, and require them to significantly increase txtsiiag charges for environmental services, 

STUDY METHODOLOGY AND LIMITATIONS 

This study examines the impacts of recent and forthcoming environmental regulations upon user charges and finances 
m municipalities The outputs or the study include projections of the cumulative costs to communities or upcoming actions, 
the proportion of communities expected to face initial difficulties meeting the user charge increase* necessary to pay for 
additional requirements, and ih* proporlton of cornrnoniwcs that may have financial difliculiics meeting the requirements 
given their present financial conditions. 

MatfMaJbaa/ 

Thai study used an EPA model uf municipal finances 10 calculate the effect of adding ihe estimated aggregate a*ts 
of environmental regulations to the current user charges and financial RatMes or 270 randomly selected municipalities 
As indicator* of potential financial difficulties, the study eatftined several measures of the prediaed increases m user 
fees and municipal dent. 

"I he study estimated the cost and the incidence rate of each environmental regulation for municipalities in each 
size category to produce estimated probabilities of occurrence" with relevant associated capital, maimcnance, and 
administrative trails The probabilities and cost figures were used to determine the weighted average costs of each new 
requirement, and cumulative iroals of weighted average costs for four service categories {i.e., drinking water, wastewater 
treatment, solid waslc, and miscellaneous costs) were used in the analysUL The chance in total charges and fees paid by 
households 10 meet the new requirements was used as an indicator of the expected seventy of the impact id households. 
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Ihe htHJM.-hi>lJ burden me-nsure used ins ihc percentage increase in imal charges and Ices paid relative 10 current c 
and fan, As ihcre is no muMiMml limit an *th:n ihm increase am or should be when addressing [he degree of impact 
i k > JioupgtiaMi. ihe distribution of the cities' percentage increases was analyzed, and several points akwig ihe distnhuoon 
lire highlighted. 

I he j-iudy also e.viimined the capahitLiv ol each city in obtain liruuuirtj; lot 1 hm^ ;Hld>tK3iiul c-3pilt.il cs^-ndi lures- 
.1 far ihc environ men l ill rc^uliinon-s Three finitncial mechanisms were addressed - revenue bonds, general nbligaiiun 
hands, and ivnk kj;ms (primarily for smaller conimumncs excluded form bond roarkcis). Revenue bonds arc; supported 
by ihe user charges assessed lo eusiomers directly henefiung from ihe project. General obtigaiitMi {OX)) hi>nd* are refund 
with revenue* raised from property or income uuccs. Since revenue bonds, rely on customer payments and G.o. bonds 
rely on ihc taxing, authority of ihc local govcmmeni. the revenue bonds are perceived as more risky to investors and, 
therefore, require a higher rate of return on the amount invested. Revenue bonds can be a more flexible financing 
instrument than G.O. bends, since local governments may be constrained by federal and siaie statutes as lo the amouni 
of debt the community can issue, or the amouni tt cun increase tax rata. 

Ihc fust stage of the financial capability analysts considered whether cities in ihc sample would have difficulty 
issuing j revenue bond 10 cover ihc costs of meeting additional drinking water or wastewater ircatmcni system 
requirements Their ability lo meet the requirements was assumed to be connngern upon ihc condition that the increase 
in u«r charge* 10 households necessary 10 mcei additional EPA rcquircmcnis will not exceed a given level of ihc 
nnuscnuKTs gross (,pre<ta\l annual incume Ciiies ihat will he required 10 set user charges at levels that exceed specified 
lafc* of household income ( UOft, 130%, and 2.0'fc) are expected to have potential long-icrm difficulty issuing a revenue 
bond 10 fmiince the new teouiremcnis. These thresholds tire derived using information on the distribution of current user 
charge* (o households for water services. 

The second siagc of the financial capability analyst introduces the additional costs for solid waste disposal and 
miscellaneous requirements, and examines the ability of the city to use city revenues and taxing auihoriiy to finance capital 
requirement*. For ihoBe cities projccicd 10 have long-term difticjliy issuing revenue bonds lor their drinking water undjur 
wasiewaicr tmtmtu BJJKbK, these costs arc included with ilw solid waste and miscellaneous requirements. Where U 
long-term difficulties are aniicipaied for the water and sewer semees. onry the solid waste and miscellaneous cost* are 
examined against the city's revenue base. 

I he- ability ni a cny 10 issue a general obligation bond wm. assumed to be cunimgcni upon she city's total existing 
and new enwronmeniiil debt service obligations relative to two measure*- (1) 'he cily's total general revenue*, arid (2) Ihc 
CHv'i total marker value of assessed taxable property. The firm condition measures cosing revenue sources, whereas ihc 
sccond condition considers potential revenue source*. A ienes of threshold values were established using iniwmation on 
Ihe distribution of values for the iwo measures from the sample of muraanalities. The values were used in conjunction 
wnh ihc relevant cmironmenta! costs 10 determine which cities would have potential difficuliy issuing general obligation 
bonds (or for smaller cuies h obtaining a hank Joan) A city had to exceed the threshold value for both measures before 
it wro assumed to have difficuliy using general oWigation bonds. 

MmlialkHH 

Marrj- simrHiFying assumptiorB necessary to carry ihji thu study hmil its iiccurac>' The municipal dara bav: conMsts 
of a relatively smatl wimple ol communities (270). and may not be adequate 10 form the base. Tor nanisial estimHies. 
liiriherinnre. ihe data base was prepared from liSi.-iil habuMM for only one year (|v86). Because the fiscal conditions of 
eornmurtilie* continually change with ihe economy, the dam friMn TJ86 may not befeprcseniaiivc of the financial condhjons 
i^.ii «ill cwsi during ihe iStt-HM period. 

The cost data used in this study w< f e laken from a limned set of EPA regulations. Although about 40 of the 
85 rcgulaitons considered in ihe study were tdenhfied as having some impltcaaor» for kxal government, onry 22 were ai 
a singe where com data wete ax^itaNc lo be used in the analysts. Several or the oraiticd new requirements may require 
Mgnificam mvcMments in toeat government resources (e.g., asbcsios m public boihJingsl. or may lead 10 major changes m 
current land use patterns teg,, groundwater protection, imnpouii source guidelines). 

In preparing the cusi daia, it was assumed that small municipalities generally arc served by small emnronmental 
services sysienw and large municipalities bj- larjjc M-ucrm. tnc actual distribution of systems across mumcipahiKs may he 
diHcrem, so ih* com* 10 households may not be wcB rtpresenicd by this method Fjrihcrmorc. lo reduce ihc costs of 
cnvui.nmenui r ea u lai kw u, mumapalmes m.iv CfUnjI ihc w-.iy ihcy pruvue cn™onmeri!ai KTwtett, Smaller municipalities 
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may enter tnio regional services in order to tale advantage of scale economies, or they may loot to private companies or 
contracture to provide service*, thus ffcemg ihernselves of sole responsibility lor financing the eonstruciton of facilities 
They may also find it economical in purchase services from adjacent municipalities or special districts, rather iftan build 
new Pfttcmt to supply **# services, themselves. 

The financial indicators used la estimate households" willingness to pay increased user fee* and municipalities' 
ability to finance capital expenditures arc based upon measures currently used in the financial community, but only until 
local governments mate arrangements, lo raise- fee* or initiate bond referendum id finance new eonsiructton will the 
preferences of consumers be known. Consumer* may be more wilting to pay for environmental services than these 
indicator* suggest. On the other hood, some municipaline* may have to finance a large number of public works other 
than those included m to* study, and consequently mny encounier financial constraints even though they are not predicted 
to exceed the financial indicators used m Ibc Study- 
Tilt: IMPACT OF ENVIRONMENTAL REGULATIONS 
Environmental Expenses 

The estimated increases in environmental expenses fix households in municipalities m each of five size categories is 
presented m Figure I, both in terms of dollars per household and percent of household income. The largest potential 
increase in average annual costs per household will occu* in communities under 2,500 persons, which will experience an 
increase of $ 1 70 in ihcir annual costs. The households in communities between 2,500 and 250,000 persons will experience 
a smaller potential increase of $80 to S90 in ihcir annual expenditures for environmental services. Communities over 
250,000 persons will also experience large increases in costs for services. The average potential increase in annual costs 
for ihc largest communities a 5160. The ii.kion.i1 average increase in annual household costs is $100. 

When expressed as a percentage- of household income, the greater relative increase in cows to cummumtjes 
under 2*500 persons s more evident. The average increase will require households in the smallest communities spend 
an additional 07% of gross household income on environmental services. Households m communities between 2,500 
and 250,000 persons will spend an additional 0.2% to 0.4% of gross household income Communities over 250.000 wtll 
spend an additional 0.5% of gross household income on environmental services 

The individual environmental regulations that account for the largest potential increases m expenses in small 
communities are the drinking water and. sewage treatment requirements. ■Several of the more cosily drinking water 
regulations wtll apply more frequently to smaller municipalities. Many Larger water supply systems already have introduced 
treatment systems capable of handling some of these risks. This helps lo explain why the overall increases for smaller 
communities exceed Ihose for the larger communities Not only do the water regulations lead to relatively large changes 
in fees in a few cities, but ihc cumulative costs of the other regulations can add up to suable increases in user charges 
and fees for some municipalities. 

Increases in Household User Charges - Household Burden Measures 

When the costs of complying with the environmental regulations are added to existing environ men ml expenses, 
the user charges and fees of the vast majority of municipalities will increase. Some municipalities may have to raise user 
fees considerably above current rates Tabic 1 presents information on the number of municipalities thai may potentially 
burden households with requests for large user charge and Tec increases. The percentage increases arc based on a 
comparison of current {1336) charges to households for extstrng environmental services (i,e., drinking water, wastewater 
treatment, and solid waste disposal) and potential future (1996) charges fur environmental services, once all or the 
additional regulations examined in ihc analysts are m-place. 

Most ^if the municipalities that would experience the largest overall percentage increases in fees are the smallest 
municipalities. Of particular interest in Table 1. ihc user Ices of 20% of the municipalities under 2,500 persons may rise 
ovei 100% above current levels by (996. An additional 35% of the« sized communities may find their environ menial bills 
increase between 50% and 100%. None of the municipalities above 2,500 persons in the sample are projccicd to have 
their household costs rise by over 100%. Although a significant number of larger communities may need to raise 
household fees between 50% and 100%. most households will not experience large percentage increases in costs of 
envtronmcnial services. Nationally, only 2% of households may have their current environmental service charges and lees 
roc by more than 100%, and 15% may have to pay between 50% and 100% above iherr current payments. The Table 
suggests that many' of the households thai arc expected to experience initial "rate shocks" when confronted with rising user 
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Figure I 



CURRENT AND POTENTIAL ADDITIONAL AVERAGE ANNUAL 
HOUSEHOLD COSTS KOE IMPROVED ENVIRONMENTAL SERVICES 



i. Percent of Annual Gross Household Income 
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POTENTIAL CUMULATIVE IMPACT OF ENVIRONMENTAL REGULATIONS: 
PERCENT INCREASE IN HOUSEHOLD USER CHARGES 



Perron of Munktmlltles In Hit Canton 
IomiH as • Perceni of Cumnl Charges 
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IMPACT OF F.NVIRONMENTAL REGULATIONS ON THE ABIIJTV OF WATER AND SEWKR 
SVSTEMS TO ISSUE REVENUE BONDS/OBTAIN BANK LOANS IN THE LONG TERM' 
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IMPACT OK KNVlKONMK.NTAl. RKUULATIONS ON THE ABILITY OK MUNICIPAUTIES 
IO 1SSHK UKNKRA1. OBLIGATION BONDS/OBTAIN BANK LOANS 







I'ercenl of Municipalities 
Bunds/Obtain ! imns 


Tltul May F 
In luich Sire 


lil in Issue CO. 


Mimil i|>Lil JAM 

CMcuury 


NuiMlKT of 
MunicipttlKics 






CO. Ill mil; ll.il 
' ■■:!'« 1'CNI J 


1 




CO. Bond/Bank 
Ijoui Test 11 


1) ■ 

uoo" 




:6„ii5 

00%)"" 






21% 


- 








30% 
[12%] 


1300 ■ 

JO.OIXI 




6.729 
(16%) 






4% 
PI 










99 


10.111(1 • 
50.01X1 




2,6<M 
C»») 






2* 
l°l 










K ■ '. 

M 


SUXX) ■ 
250,000 




463 

(23%) 






o% 

[Ot 










ii'. 
I"l 


> 2S0.UU0 




59 
(22%) 






0% 










0% 
PI 


Pcrtent <>r Mun 


tipuNUes 






16% 


7%1 








24-; |||-; 1 


Percent of 


Popu 


latum 






V; 










6% 



OnlltMtf ti <-> Bold 1 ahii »« Rw»m Bwdlwi "IVcuWd* ("-pul t*4.J ■**«* iml ■lanrtLiMKMi rejri*lwy rati -it *l*ij» 
vuMiM<d [*» . jpial tam vJ Uniting unci *a4n* wnkwiirt w»*™ uTaniirfcK""!* an ik)*JaI ■■ calcabtng rc^viicd po* %t**i 
•antra <h*»l Oftftal «Wfcl il ■*«- 12^ R«w*»# TJoadLiM* Tteir*i»U tot ciifei ■j~iriB iu» hn ncMtW CJ.O BqiMjmii Tkmks*** 
pMOM ot dfanj <niMv0i*e I*** .J ihr Mlo-i*f jt| Cbitwii lilul <W* wicc [•("•> ■** **■ **■"«* «p««*d « * pereMi or i-»rrr«i 
Mlu j «(>, roi-ann tUv I 3r. uTcH II I3 r r) . (ii) ChfT«l irriuI dVta tm-Kv ptui N» <kM trnw c*pr™«l m * p*w«J u* thr 
tuiVi w*l»i' »1 tuaW^ iv..pcm ii--" i ^ him It Ofr^l R*wlh xnt I ^>*1 i-il ^flS ihn7>lh>W <>r ■<* imlBded t*c±MM rhrt 
HV »m it jtJfa Hir. Jillni-il hum rrtilu uung 1 tKt ilwriWi 

Saulki 1, minium it". iubJu 2 MM pefWHHI itmnHjf d-> »'« >«»* irvrnw Ixmdi oi pw.il oMi[*i»«i hubifa Inittrf rb*y obUM faaU 
kui< rbji am tm LtJ hj wai , hiigra I'h: <mau mil n ifcc r*o hw«d i«i» cm tiUl he applKii ■<■ ihctf im*llcf iomm f 

IVu.i.1 »E 1 s pipalkiMi imif m ■micifMlllia ul In nwhitw *i*m hcD ri*) «*m mHOT i. ftwo ri i H i-.' «» WK2 Ooum »i 
G^WMtnlli ..|'i'i,-saiiMiltl* h^' .■( IS ptkfHjlHtM i™Jlt. IB rhi-w (OMenHMM i mr>*"'« '«"»■■ 



.1 ir . I'.ili 'ii il .nl.Siii.cnl i 



rv%|Uircncnl* [tsuretintr i^IrM) Uihnp, 



408 



3. Most municipalities will be *Me to meet the expected increases in environmental expenses and stiJI remain 
financially sound The munidpahtici moa! hkely 10 experience difficulty will be ihc municipalities wiih populations 
of 2,500 or less, These communities may have difficulty because of the high, coat of some individual regulations, 
ihe cumulative costs of recent legisJairve requirements, and ihe limited margin for expanding financial obligations 
in small communiljra due ID existing demands for environmental and other infrasrmci ure services. These 
difficulties are not limited to small Cities,, bul the results suggest thai 3 much small proporttoo (between ?% and 
7^) of the cities over 2^00 persons will face financial comiraims when subject lo additional EPA requirement*. 

ELecausc of the many simplifying assumptions required to carry out this study, care should he taken m interpreting 
ihe results. Several of the regulations considered are nut yet final, so their costs may change. Other regulations likely 
to he important for municipalities and households were not included m the cost analysts, and their omission may have 
resulted in the underestimating of the costs to affected cities On the other hand, ernes may be able tu undertake 
alternative means of meeting environmental objectives thai are ten cosily. The analysis underscores EPA's efforts to 
seek additional information on the finances and errvironmenial options available Tor smaller municipalities- Knowing more 
about small community requirements will assist EPA in better designing and modifying programs capable or dealing with 
their unique problems. 
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AN EXPLORATION OF HACROECONOHIC IMPACTS IN 
THE ENVIRONMENT-ECONOMY LINKAGE 

Carl Sonnen, Vice President, Informetrica Limited 

Introduc t ion 

With the formation of Roundlables on the Environment and Economy at 
the national and provincial levels, and given the prominence of the persons on 
these, there is a reasonable chance that major action on the environment vill 
emerge as we move into the 1990s. This could significantly alter the course 
of future economic activity by removing constraints an growth of the forestry, 
agriculture and the fisheries, but at the sane tine, diminish prospects in 
other sectors- This article summarizes an effort ve have made to "add up" 
initiatives that could be started and completed by the end of the century. 

Three, of many s dimensions of the issue are explored- Intervention to 
reduce the stress of human activity on the environment, or to provide 
environmental benefits desired by the populace, will use capital, labour and 
material Inputs. In Case A, ve examine the implications of this, assuming 
also that private producers attempt to pass these additional costs on in the 
form of higher prices. Additional costs borne by public institutions are 
passed on in the form of user fees, or are recovered through taxation. In 
this case, we assume there are no compensating benefits of such action to the 
economy . 

In Case B, ve assume that the compensating benefits to the economy are 

added to the impacts of Case A in the form of cumulating productivity rewards 

in agriculture and the forestry. In both of the cases, we assume that such 

additional actions are undertaken by Canada alone. 

Case C adds to the assumptions of Case A by assuming that Canadian 
initiatives are matched worldwide- Thus, as compared to Cases A and B, this 
impact assumes that Canadian producers directly affected by action are 
protected from industry loss of competitiveness. Canadian exporters, however, 
do face the implications of environmental action on the size of the markets to 
which they sell, and all Canadian consumers face the inflationary implications 
of worldwide action. 

Method and Summary of Assumptions 

To measure the effects of actions, we have used standard economic 
impact techniques. A Base Case projection of the economy is developed under 
the assumption that "mid-198Q H regulations and business practices remain in 
place over 1989-2005. It is important to note that this case assumes that 
business and public institutions do record capital and operating expenses to 
mitigate environmental consequences of their economic activity, and that 
future capital and production processes may well incorporate more benign 
environmental design than does existing capital. The case does assume that 
environmental stress consequent on the assumed future expenditures and 
behaviour vill limit growth of the economy and otherwise have unfavourable 
economic, human and environmental consequences. 

Three alternative projections of the economy are developed 
representing each of the three cases outlined above. Comparison of each of 
these alternative projections to the Base Case provides the economic impact 
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measures. 

We have characterized our study as an "exploratory" assessment of 
issues and impacts in large measure because a rigorous development of the 
direct action that may, or should, occur cannot be developed. Difficulties of 
measurement (parts per quadrillion), of translation betveen disciplines (from 
a scientific measurement of what needs to be done to the technology and costs 
of how to do it), of comparison betveen Jurisdictions (which province's 
legislation and practices is ahead and by hov much, and comparisons vith 
states), and indecision on vhat is going to happen, all make it impossible to 
develop a rigorous impact statement. Alternatively, we have used "political 
Information", adding up the proposals for action that are currently being 
suggested across the country, and assuming that all provinces would move to 
the "best practice" proposals of which we are avare. 

Economic Costs of Action - These ball-park estimates include proposals 
(in some cases, actions) for attacking SOx produced by thermal electric plants 
and smelters, placing oxygen barriers on mine tailings, Regulation 308 
(particulates and air toxics) and HISA-type initiatives (water quality) in 
Ontario but extended to all of Canada, and renovating or extending water and 
waste treatment facilities to all municipalities in the country. Our 
estimates of the total, direct capital and current, expenditures implied by 
major action are tabulated below. 

TOTAL, ALL INDUSTRIES 
Capital, Operating and Monitoring Expenses 
(in millions of dollars) 



1990 



1994 



1999 



2000 



2005 



CAPITAL COSTS 



Total ($current) 

Cumulated at 1989 Prices 

as X of Canadian GDP 
t impact on Base Case 

Nonresidential Investment 



4678 


5412 


6143 


1450 


2195 


4654 


23987 


47165 


48224 


53884 


0.81 


0.74 


0.62 


0.14 


0.15 


4.00 


3.62 


2.93 


0.63 


0.63 



ANNUAL CURRENT EXPENSES (Scurrent) 



Total 


1186 


6737 


15290 


16128 


21821 


Operating 


873 


5123 


12013 


12762 


17915 


Depreciation 


303 


1603 


3263 


3346 


3879 


ministry Expenditures 


10 


11 


14 


21 


27 



Current Expenses as 
X of Canadian GDP 



0.21 



0.92 



1.55 



1.53 



We assume that the new standards are reached by the end of 1999; to 
that point, spending includes that necessary to bring the current capital 
stock up to the new standards, and additional expenditures of future 
productive investment associated with meeting higher standards. Beyond 2000, 
continued capital expenditures reflect impacts on new investment made after 
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that year. Ve assume that the envj tonmencal capital needed tor new plant and 
equipment installed after 1989 will be less expensive than that required to 
moderate the environmental impacts of existing capital. Costs for adding 
environmental capital are lover tor new investments than for retro-fitting 
existing capital, and future plant and equipment will likely include 
environmentally friendly dimensions in its basi c design. 

A program of this scale would require a cumulated total of an 
additional $47-48 billion in capital expenditures between now and the end of 
the Century, and by that time, would be generating additional annual, current 
expenditures for business and governments of a little sore than $11 billion at 
today's prices. Annual capital expenditures over that period of $4.5-5 
billion at today's prices, would be equivalent to between 3 and 4 per cent of 
investment expenditures otherwise required. For the business sectors directly 
affected, the additional capital requirements are proportionately much larger, 
and for governments, this constitutes an increase of 10-12 per cent. 
Municipalities, especially, would be affected. 

Annual current expenditures following from the installation of control 
and monitoring equipment, or otherwise associated with annual operations of an 
abatement reduction program, would rise to an amount equivalent to about 1.5 
per cent of the Cross domestic Product we anticipate for the year 2000. The 
implications for selected industries are much larger, with additional current 
expenses of rubber and plastics, pulp and paper, iron and steel, non-ferrous 
smelters, non-metallic minerals and chemicals and the electric utilities' 
industries equivalent to 3 per cent, or more, of industry value added. For 
petroleum refining, the share Is an order of magnitude larger. 

While allocation of the value added that makes up GDP varies from firm 
to firm, and industry to industry, an average 70 per cent is allocated to 
payments for labour among goods-producing sectors. Of the remaining amount, 
an average 13 per cent covers capital consumption allowances, and the balance, 
17 per cent, represents a return to shareholders and the crown. Using 4^5 per 
cent to cover the costs of producing rton-marketable outputs like clean air and 
water takes a substantial bite out of this, implying substantially increased 
difficulty if new equity is required. 

For industries in highly competitive markets, even smaller amounts 
will pose a difficulty. For regulated industries such as the electric 
utilities, it will be easier to pass costs on to industrial and household 
users, though there may be some substitution by other forms Df energy. 

For provincial and municipal governments, annual current expenditures 
rise to more than 4 billion dollars at today's prices by the year 2000 to 
cover expenditures of operating waste and water treatment systems, disposal 
sites, the hospital system, and the administration of regulations. We have 
assumed that these governments pay foe their costs through increased income 
and property taxes, and through user fees- By the time all of the new 
environmental protection is added in 2000, additional, annual taxes and fees 
amount to S5?5 per household at today's prices. Since government accounts for 
about tvo^fifths of the total action we assume occurs, annual, per-household 
direct costs would amount to about $1,400 (ex ante ) if one assumes that 
"consumers" ultimately pay for both business and government action. 
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Economic Benefits of Action - Reduction of environmental stress vould 
produce direct economic benefits. Included should be benefits to productivity 
in agriculture, the forestry, and fisheries, and associated manufacturing of 
products produced by these sectors. Tourism may also benefit, though the 
extent of this vould depend on whether action is taken unilaterally, or 
worldwide. 

Reduced damage to capital and human populations will also constitute 
economic rewards. Accelerated depreciation of structures is a commonly agreed 
consequence of air pollution. Increased sickness, and death, associated with 
pollution affects requirements on the health-care system, and limits the size 
of the labour force, and possibly, through fertility, the size of the 
population. Arguably, the state of the environment affects the attraction of 
Canada to immigrants and some foreign investment. Finally, reduction of 
environmental stress can itself create market-measured outputs. Increased 
production of sulfur and sulfuric acid are standard by-products of SO*. 
programs. 

There is no organized information base that ties programs of the kind 
we have postulated above back to market-measured, direct economic or 
population benefits that night result. Accordingly, ve have assumed, for 
illustrative purposes only, that labour productivity in agriculture and the 
forestry are improved annually by one per cent. Thus, productivity is 
increased over that of the Base Case in each of these two sectors by 12 per 
cent in 2000, and by 17 per cent by 2005. Likely, these estimates are high, 
considering, for example, that stress on agriculture of the Prairies from 
acidification and polluted water is low. On the other hand, our estimates 
exclude other benefits of the kind noted above. 

Unilateral Canadian, or Worldwide, Anion? - if Canada proceeds alone, 
competitive consequences vould follow for the industries most directly 
affected, and perhaps, for the economy as a whole. But this is unlikely, and 
Case C assumes there is aggressive, worldwide action. 

We assume there are initial, positive effects on measured economic 
output in the U.S., and other OECD, economies followed after the mid-1990s, by 
a reduction In the size of measured real output of 1.5 per cent by 2005. This 
is a somewhat smaller impact than is recorded for Canada, but can be 
rationalized on the more "closed" economic nature of the U.S. economy, and the 
fact that Canada, by comparison to most others, appears to be currently behind 
in taking action. 

This case represents a scenario in which the Canadian industries 
directly affected by environmental expenditures lose no significant 
competitive advantage since their counterparts in the U.S. and elsewhere in 
the OECD are assumed to face similar additions to their capital and operating 
costs. On the other hand, real income changes abroad are reduced over the 
long term, thereby depressing general Canadian exports. Similarly, U.S. and 
other price levels are increased, and are transmitted into the Canadian 
economy through import prices. 

Economic benefits of worldwide action would reinforce those for Canada 
of unilateral action. We have no basis for quantifying these, however, and 
Case C assumes no such offsets. Accordingly, results of this impact can only 
be compared to those of Case A. 
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Suasary of Economic Impacts 

The tabulation below summarizes ihe economic impacts as measured by a 
select set of major indicators. As this documents, a major initiative on the 
environment would likely have initial, positive effects on total, measured 
output, but long-lasting negative effects. Initial positive effects follow 
from the dominating impact of additions to demand associated with business and 
government capital spending required to put monitoring and control equipment 
into place. Longer lasting negative effects follow from increasing 
inflationary effects of businesses' attempts to pass higher operating costs on 
in the form of increased prices, from government application of user fees, and 
from increased taxes. 

Our results suggest that negative impacts on growth would emerge 
■within two-three years of a major program's initiation, and that this impact 
would last through the years that a "program" was being carried out. We do 
not, however, anticipate that significant negative effects on growth would 
last past that point (1999 in these results). Further, the long-term, 
negative impact on the level of real activity would likely be modest, with our 
estimates ranging from 1.5 to 2 per cent. 

Direct economic rewards from reduced environmental stress, as is 
assumed in Case B, would tend to minimize market -measured negative impacts on 
activity by dampening prices for agricultural and forestry products (in this 
study) and by reducing unfavourable overall effects on Canada's foreign trade. 
It will be recalled that there are several other channels through which 
economic benefits could occur than those we have assumed, while our specific 
assumptions may be bold. On balance, our reading at this "exploratory" stage 
is that some negative consequences for general activity are certainly 
possible. This case suggests an ex post reduction in per-household disposable 
income in the year 2000 of about S750 measured at today's prices. 

Comparison of our Case C and A results suggests that whether one acts 
unilaterally, or as part of a continental or worldwide program, may be 
inconsequential to aggregate results. While Canada avoids loss of 
competitiveness in Case C t any negative effects on real incomes in Canada's 
foreign markets will show up as reduced exports. Further, multilateral action 
will almost certainly yield significantly more inflation for Canada through 
increased import prices. It should be noted, however, that allowance for 
direct economic benefits, which were not included in Case C, could easily 
yield Case B type results. 

Although aggregate results are modest, major action on the environment 
could alter prospects for selected industries by significant amounts. 
Typically, year-2000 output of metal mines, and in the manufacture of iron and 
steel, non-ferrous metals, nonmetallic minerals, paper and allied products and 
chemicals is reduced from Base Case amounts by 5-8 per cent. Given annual 
growth in these sectors of 2 per cent, or more, over the course of the 1990s, 
a 5-B per cent reduction at the end of the century is not sufficient to reduce 
the size of any of these industries to less than that of today. It could 
signify, however, notably slowed growth and difficulties for many firms. Our 
results do suggest that output of petroleum refineries could be reduced 
substantially over the course of the coming decade. The construction sector, 
producers of control and monitoring equipment, and "environmental" employees 
would find substantially enhanced markets during the years in which the 
program is being phased in. 
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HAJOR ECONOMIC INDICATORS 



1990 



1994 



1999 



2000 



2005 



CASE A 
GNP Value 
Price 
Volume 

of which: 

Government Expenditure 
Current 
Capital 
Business Investment 
Employment 

Unemployment Rate IX) (a) 

Wage & Salary/Employee <SC) 
Consumer Price Index 
Disposable Income/Capita ($K) 

CASE B 
GNP Value 
Price 

Volume 

of which: 

Government Expenditure 
Current 
Capital 
Business Investment 
Nonresidential 
Employment 

Unemployment Rate (X) (a) 
Vage & Salary/Employee (SO 
Consumer Price Index 
Disposable Income/Capita ($K) 

CASE C 
GNP Value 
Price 
Volume 

of vhich: 

Government Expenditure 
Current 
Capital 
Business Investment 
Employmen t 

Unemployment Rate (£) (a) 
Vage & Salary/ Employee (SC) 
Consumer Price Index 
Disposable Income/Capita 



X Impact 



0.83 


1.78 


3.59 


3.37 


3.62 


-0.02 


1.64 


4,60 


5.15 


5.49 


0.85 


0.14 


-0.97 


-1.69 


-1.78 


2.16 


3.59 


4.59 


3.38 


3.08 


0.38 


2.11 


3.67 


3.70 


3.52 


12.01 


11.54 


9.42 


1.69 


0.84 


2.39 


2.03 


0.72 


-0.74 


-0.35 


0.58 


0.54 


-0.08 


-0.56 


-0.83 


-0.51 


-0.55 


0.07 


0.52 


0.95 


0.21 


1.24 


3.92 


4.34 


5.16 


0.13 


1.43 


3.88 


4.27 


4.60 


0.18 


-0.39 


-1.07 


-1.27 


-0.93 


0.B5 


1.87 


3.72 


3.52 


3.79 


-0.02 


1.60 


4.46 


4.99 


5.19 


0.B7 


0.27 


-0.71 


-1.40 


-1.32 


2.16 


3.63 


4.66 


3.46 


3.20 


0.38 


2.11 


3.6B 


3.72 


3.54 


12.02 


11.77 


9.80 


2.11 


1.43 


2.39 


2,10 


0.85 


-0.59 


-0.13 


3.09 


2.58 


1.13 


-0.62 


0.05 


0.53 


0.42 


-0.23 


-0.72 


-1.00 


-0.44 


-0.38 


0-28 


0.75 


1.21 


0.27 


1.42 


4.11 


4.54 


5.30 


0.13 


1.42 


3.82 


4.19 


4,43 


0.21 


-0.30 


-0.92 


-1.11 


-0.71 


0.82 


1.84 


4.83 


4.89 


6.59 


-0.06 


1.53 


5.88 


6.79 


a. 97 


0.87 


0.30 


-0.99 


-1.78 


-2.18 


2.16 


3.59 


4.58 


3.37 


3.06 


0.38 


2.10 


3.67 


3.70 


3.53 


12.02 


11.57 


9.39 


1.64 


0.63 


2.39 


2.22 


0.42 


-1.15 


-1.17 


0.60 


0.66 


-0.14 


-0.67 


-1.22 


-0,52 


-0.65 


0.08 


0.58 


1.26 


0.19 


1.12 


4.93 


5.65 


8.10 


0.09 


1.34 


5.05 


5.75 


7.73 


0.22 


-0.35 


-1.49 


-1.78 


-1.83 



(a) Level Impact 
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Concluding Observations 

Although the detailed technical inputs needed to produce an 
authoritative study ate not available, we think it safe to conclude that 
action on the environment could easily lead to very large capital and 

operating expenses. TV 

Whether one Sees our $50 billion investment figure as "big" or not 
depends on perspective. Ue have assumed that interest rates are unaffected by 
action even though there are notable inflationary consequences. If one 
assumed thai the Bank of Canada would react to this with increased interest 
rates, one could arguably produce a reduction In total output, through 
increased interest rates and the channels outlined in our analysis, of as much 
as 3-4 per cent by the year 2000. Still, this would be a modest amount, being 
equivalent to perhaps one^tenth of the overall output growth that should occur 
in any event . 

At a more personal level, a reduction in household income available 
for private consumption (or, savings) of $1000 (as a middle-range estimate of 
ex post effects) by 2000 would represent a notable share of the $4,000-$5,0GQ 
increase in disposable income that we anticipate can be generated over the 
next dozen years when governments are seeking to reduce current debt levels. 
Other claims for "public goods'* (e.g. , improved health care, child care, a 
renovated transportation system) could use up another $1,500, leaving little 
room for improvement in the disposable income measure of "private" well being. 
This suggests a more intense competition for resources among claims for nev 
public goods, and between them and household views of private welfare. 

For public policy, this poses a challenge to the post-war belief that 
the country can grow its way out of problems. With average growth of 2 per 
cent in real, disposable income per household over the past 40 years, the 
danger that a significant number of people would lace a deterioration in their 
private consumption when there is major restructuring, or a new claim on 
resources to provide a public good, has been minimized. This will now be more 
difficult to achieve. 

Sectoral details also suggest that major Initiatives will bring the 
"polluter pay" principle under stress. While it nay be possible to persuade 
the "average" household to divert income from purchase oE private requirements 
to public goods, most initiatives will bear directly on a few producing 
sectors of the economy. In many instances, it will be difficult for them to 
pass this on to the "average" household, implying concentrated effects on 
labour and shareholder groups, and on localities and regions. Political 
realities suggest that devices will be found to avoid forcing the adjustment 
on these groups. Recent calls for uses of the tax system and development of 
innovative financial instruments to address environmental concerns suggest 

1/ It will be recalled that our $50 billion "program" makes no allowance for 

nev initiatives on C02 or "agriculture" . Press reports in the late Summer 
of 198 Q indicated that investment costs related to C02 action could range 
around $75 billion, however- While one cannot add the two figures 
together, since actions in each "program" area will have effect on the 
environmental stress of the other, a "round number" of $100 billion in 
investment costs now seems to be a reasonable starting point for the cost 
of action. Remember* however, that this still leaves the cost of relieving 
she "agriculture" problem to be evaluated. 
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that work on spreading the pain has begun. 

Further, since a major program would be large, it is likely that 
regulations will focus on phasing-in provisions, allowing established firms 
some prolonged period before new standards must be met, while ensuring that 
new plants meet the standards as production is begun. This constitutes a tot. 
of economic "rent" made available for the existing producer during the interim 
period, and is a reward for "bad" behaviour. 

Finally, accounting for action on C02 and agriculture, when added to 
our own view of initiatives, suggests that we need to go beyond choosing 
between the environment and other public, and private requirements, action in 
these areas also provide economic and "utility raising" benefits. Our sizing 
of the issue suggests that establishing environmental action priorities is 
also badly needed. This should be difficult. It implies choices among 
varying environmental interests, and in a pluralist democracy where the 
electorate often seems to define the environment as a neighborhood question, 
so«e of those interests are likely to be ignored. 
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The Cost of Environmental Protection in the VS. 
Implications for Capital Markets, Local Budgets, and Household Burden 



Since Lhe early 1970s, the US Environmental Protection Agency (EPA) has overseen the U.S. national 
mandate id restore and protect water, land, and air resources. This effort has proven to be a massive undertaking, 
and the agency has come to rely on its partners -- state and local governments - to assist in the administration 
of environmental management programs and expend resources to comply with them. But the expanded programs 
and tightened controls of the environmental statutes enacted in the 1980s challenge the ability of these partners 
to finance future environmental needs 

This paper presents estimates of the aggregate public costs of environmental protection; lhe potential gaps 
in future funding should current fiscal policies continue; and the implications of such a shortfall for capital 
markets, local government budgets, and individual households. 

WHAT COSTS ARE EXAMINED? 

This paper examines expenditures for community drinking water, wastewater treatment, and solid waste 
management over the period 193(1987 and projects them to the year 2000. Projections are estimates of the 
future costs of maintaining today's environmental standards, assuming thai future compliance is comparable to 
current experience- In addition, this paper estimates the costs of new environmental regulations thai local 
governments are expected to bear in the future. These regulations are now on the hooks in the U.S.. but have 
not yet had a cost effect for local governments. Many more regulations are mandated by U.S. environmental 
statutes and are now under development. These will undoubtedly increase cost estimates, but they could not be 
included in this research. 

SPENDING WILL HAVE TO ENCREA5E SIGNIFICANTLY TO MAINTAIN CURRENT PROGRAMS 

In 1987, EPA, the states, and local governments spent $40 billion for environmental protection, compared 
to $31 billion a year a decade earlier. 1 . If recent trends continue, they will need to spend over $55 billion a year 
by the year 2000, just to maintain 1987 levels of environmental quality (see Figure t). 

This increase is attributable to two factors. First, the cost of providing a base level of environmental 
protection to a growing population obviously increases as population increases. But beyond the expenditures 
needed to serve growth, real dollar outlays for environmental protection have outpaced inflation, in response to 
demands by the American public for cleaner waters, safer drinking water, and more responsible handling of 
municipal garbage. For example, the average real dollar cost per person of operating the nation's wastewater 
treatment plants has more than doubled from S15.80 in I960 to S37.20 in 1984. 

THE GAP BETWEEN CURRENT SPENDING AND FUTURE COSTS IS ESTIMATED TO BE NEABLY_ g j 
BILLION A YEAR BY THE YEAR 2000 

Spending trends reveal two important cost gaps. The first, about S15.6 billion a year in 2000, is the 
amount of government spending needed, in addition to 1987 expenditures, to maintain 1987 levels of 
environmental quality. The second, S5 + 3 billion a year in 2000, is the amount of local government spending 
needed to comply with 22 new environmental regulations examined in this paper (see Figure 2). 1 

Together, these gaps represent a difference of nearly $21 billion between what government spent in 1987 



'All dollar figures in this paper are expressed as 1988 dollars unless otherwise noted. 
'A complete listing of these regulations is provided in Appendix A. 
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Figure 1 

Projected EFA, State, and Local Government 
Expenditures 10 Maintain Existing Levels of Environmental 
Quality Compared to Their Current Environmental Expenditures 
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Figure 2 

Projected Local Government Expenditures to Maintain 
Current Levels of Environmental Quality Plus Local 
Expenditures to Comply With New Environmental Standards 
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and what we expect them to spend in 2000 for environmental protection. The gap could narrow if we are more 
efficient in meeting environmental goals, However, these estimates are conservative since Ihey do not include 
the costs to EPA and the states of many new regulations under development,ihe costs associated with the future 
Congressional mandates (such as the forthcoming reauthorization of the Clean Air Act), and the growing number 
of new slate and local environmental mandates. 

SPENDING FDR WATER QUALITY WILL INCREASE MORE SLOWLY THAN FOR DRINKING WATER 
AND SOLID WASTE 

With the exception of the air quality program, expenditures to maintain current levels of environmental 
quality have steadily increased in the 1980s and are expected to continue to do so in the 1990s (see Figure J). 
Spending for some programs, however, will increase more than others. 

In the 1990s, increases in government spending for water quality are not expected to keep pace with rates 
of growth in other environmental programs. Between 1987 and 2000. spending for drinking water and solid waste 
services will increase by 45 percent and 38 percent, respectively. Spending Tor water quality is expected to 
increase by only 2! percent (see Figure 4>. 

THE LOCAL SHARE OF PUBLIC ENVIRONMENTAL SPENDING WILL INCREASE 

Local spending is projected to increase significantly by the turn of the century. In 1981, local spending 
was about $26 billion, or 76 percent of Ihe government share of environmental costs (see Figure 5). By the year 
2000. localities will need to spend over $48 billion to maintain 1987 levels of environmental quality and will bear 
87 percent of government costs for environmental protection. Adding in the $5.3 billion a year in expenditures 
to meet new regulations increases the local share to nearly 90 percent. 

In contrast. EPA expenditures are expected to decline by about one-third, from $6.3 billion in 1981 to 
S4.3 billion in 2000. EPA's share of spending on the environment will drop from 13 to 8 percent between 1987 
and 2000. This drop is due largely to the phasing-out of EPA grants to build wastewater treatment plants. 

Although little ts known about future stale outlays (or environmental programs, trends identified in a 
recent EPA study suggest that by the year 2000 states will need to spend more than twice the amount spent in 
1987 to administer water programs. 1 State administrative costs could triple by 2000 if the air and solid waste 
programs impose similar demands. 

LOCAL DEMANDS FOR CAPITAL ARE PROJECTED TO DOUBLE (1981-2000) 

The key issue in examining the impact of environmental spending on capital markets is the ability of 
local governments io support higher levels of capital formation. We project thai annual local demands for capital 
to maintain current levels of environmental quality could double from about $8 billion in 1981 to over $16 billion 
in 2000. Additional demands for capital imposed by new regulations will add more than $2 billion a year by 
2000 (see Figure 6). 

If the gap between current capital formation and future capital requirements for environmental programs 
were to be financed entirely wiih new bonds, municipalities would have to issue roughly twice as much 
environmental debt as they currently do. Compared to die volume of tax-exempt bonds issued to finance water, 
sewer, and solid waste projects so far in ihe 1980s - from $4.5 to $9 billion a year - this change in volume 
would not be unusual. In water supply, for example, meeting the capital needs of the 1986 Safe Drinking Water 



' State Funding Study. Details of Slate Needs, Funding. Funding Gap . U.S. Environmental Protection Agency 
(August g. 1988). Trends in the State Funding Study were extended from 1995 to 2000 in order to provide 
consistent data for this report. 



420 



1 

I 



Figure 3 

Total EPA, Stale, and Local Government 

Expenditures to Maintain Current 

Levels of Environmental Quality, by Media 

198 1-2000 
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Figure 4 

Percentage of Total Public Expenditure*. 

by Environmental Service, to Maintain 
Current Levels of Environmental Quality 
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Figure 5 

Proportion of Environmental Outlays (Capital and & M), 
by Level of Government, to Maintain Current Levels of 
Environmental Quality, 1981 2000 (in 1988 Dollars) 
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Figure 6 
Local Capita] Expenditures to Maintain Cun-cnt 
Levels of Environmental Quality and 
Comply with New Regulations, 1981-2000 
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Aci will require an estimated S0.5 billion lo S1.0 billion a year in new capital financing ova ihe period 1994 
to 2000. This would represent a 25 to 35 percent increase over ihe current volume of water supply bonds - 
fluctuation} well within the range in volume for such bonds between 1977 and 19S5. 

Our analyses indicate that limited ability to pay may make it difficult for small and medium-sized cities 
lo support ihe levels of debt needed to finance expected environmental facilities. 

HOUSEHOLD COSTS IN SMALL COMMUNITIES WILL INCREASE DRAMATICALLY 

Costs lo households of environmental regulations are measured by increased user charges, increased 
general taxes, and/or reduced levels of services in other municipal programs. There are also indirect costs, such 
as when privaie industries pass their share of environmental costs in households in the form of price i"m.jw> f 
for goods and services. 

The annual real cost of environmental programs for the average household is expected lo increase by 54 
percem Emm S419 in 1987 to S647 in 2000 (see Tabic 1). Over the same period, however, household costs 
for small cities are expected lo increase more dramatically. In cities with fewer than 500 people they will more 
than double, from S670 in 1987 to SI .580 in 2000. 

The financial impact of environmental costs on households can be examined by measuring costs as a 
percentage of household income. The results show a significant impact on households in small cities (less than 
500 population), for whom expenditures art expected to increase from 24! percent to 5.6 percent of household 
income between 1987 and 2000. On average, impacts are much less for households in all other city sue 
categories, with projected increases of about one-half percentage point to 1.8 percent of household income by the 
year 2000. 

WHERE DO WE CO FROM HERE? 

The growing costs of environmental protection suggest the need to reexamine how we make such 
investments. The targe differences between current spending and future costs clearly indicate the need for more 
innovative ways to finance environmental programs, particularly at the local level. 

One way to meet this challenge is to charge more and spend more on environmental services. On the 
other hand, we could reduce costs by limiting environmental goals. Howrver. increased pubis support for a 
cleaner environment suggests that expenditures will increase, not decline. 

Finding more efficient ways to supply environmental services is a third option. Apogee has begun 
working on one way » do this - forming public privaie partnerships u> provide environmental services. Greater 
private involvement can increase public resources available for environmental protection in at least two ways: 

o Private equity can free municipal resources for other investments, and 

o Even without private financing, properly designed and executed partnerships can provide 

improved environmental services at the lowest possible cost to the public 

We must seek innovative financing strategies, particularly at the local level, to meet ihe environmental 
resource challenges lacing the U.S. in ihe 1990s and beyond. This is absohitely necessary if we are to preserve 
and build on the many important, hard-won environmental gains made during the past two decades. 
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Table 1. Average Annual Household Payments for Environmental Services 
for a Sample of 8,032 Cities. Towns, and Townships (1988 dollars) 



City Average 
Size payments 
in 1987 


Additional 
payments to 
maintain 
current 
environmental 
and service 
standards 
in 2000 


Additional 
payments to 
comply with 
new 

environmental 
and service 
standards 
in 2000 


Total 

estimated 

household 

paymenti for 

environmental 

protection 

in 2000 


500 or 
leas 


$285 


t SS01 * 


$317 


S1.103 


500- 
1.500 


J254 


S205 


S67 


$526 


2,500. 
10.000 


S248 


SI 34 


$29 


$411 


10.000- 
50.000 


S202 


S177 


$24 


$403 


50,000- 
100.000 


S136 


$124 


$24 


$284 


100,000- 
250,000 


<K5 


1114 


il.i 


$233 


250,000. 

500,000 


S56 


S129 


m 


S253 


500,000 
or more 


in 


sua 


tm 


$275 


Population 
Weighted 
Avert* $'» 


* Sitl * 


$** 


$339 



Source: Apogee Research, from U.S. Bureau of Census, 1986 Survey of 

Community Water Systems, and data compiled by the Environmental 
Law Institute from EPA Regulatory Impact Analyses, 
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Appendix I, 



List of Environmental Regulations included in Our 
Cost Analysis 



Regulation 



Status 



A. Drinking Water 

Inorganic Compounds (IQCs) In Development 

Synthetic Organic Compounds (SOCs) In Development 

Volatile Organic Compounds (VOCs) Promulgated 

Fluorides Promulgated 

Lead and Copper Corrosion Control Proposed 

Lead and Copper MCL Proposed 

Colifonn Monitoring fapOMl 

Surface Water Treatment Rule: Filtered Proposed 

Surface Water Treatment Rule: Unfiltered Proposed 

Radionuclides In Development 

Disinfection In Development 



B. Wastewater Treatment 

Secondary Treatment of Municipal Wastewater Promulgated 

. Requirements Promulgated 

: Sludge Disposal -- Technical In Development 
s for Use and Disposal 

Stormwater Management In Development 



C. Solid Waste Disposal 

Municipal Landfill Subtitle D Criteria Proposed 

Municipal Waste Combustcrs - Air Standards In Development 

Municipal Waste Combusters - Ash Standards In Development 



D. Miscellaneous Regulations 

Underground Storage Tanks - 

Technical Standards 
Underground Storage Tanks ■ 
I Standards 
t in Schools Rule 
SARA Tide ■ Requirements 



In Development 

Promulgated 
Promulgated 
Promulgated 
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Appendix I, 



List of Environmental Regulations Applicable to Local 
Governments But Not Included in (he Cost Frrimatei 



Rcaularions 



A. Drinking Water 



Well-head Protection Plan 
Pesocidei in Groundwater 
Disinfection By-products 



In Development 
In Development 
In Development 



B. Wastewater Treatment 



National Estuary Program 
Wetlands Protection Program . 
404(c) permits 

Nonpoint Source Regulations 
Guidance/MgmL Plans 
Section 304(1) - Toxica in 
Water Bodies 



In Development 

Promulgated 
In Development 



In Development 



C. Solid Waste Disposal 

National Contingency Plan - 
Supcrfund Program 
Low-Level Radiation Waste Standards 
Toxicity Characteristics of Solid Bid 
Hazardous Wastes 



In Development 
In Development 
In Development 



D. Miscellaneous Regulations 

Heavy Duty Diesel Vehicles 

Gasoline Marketing 

Diesel Fuel Standards 

Revisions to National Ambient 

Air Quality 

Standards (Ozone, Carbon Monoxide, 

Paniculate Matter, Nitrogen Oxides. 

Sulfur Oxides) 

Asbestos in Public Buildings 



Promulgated 
In Development 
In Development 

In Development 



May Be Required 
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PAPER ABSTRACT 

ARE ONTARIO'S PROPOSED ENVIRONMENTAL PROTECTION 
REGULATIONS GOING TO MAKE ITS INDUSTRIES UNCOMPETITIVE? 

Eric Cowan*. Apogee Research, Toronto. Canada and Danielle Hurst, Hkkling 
Management Consultants, Ottawa, Canada 

INTRODUCTION 

Governments in the Western developed world are responding to concerns of the 
electorate by talking about introducing ever-more stringent controls on the toxic 
pollutants of ihe.r mdustries While the need for these regulations is clear, there is a 
concern about their possible effects on the competitiveness or the affected industries 
Ontario is considering major changes to us regulations of tonic effluents and emissions 
of its industries, through the Municipal-Industrial Strategy for Abatement (M1SAI and 
its consideration of changes to its air pollution regulation. Regulation «308 Will the 
proposed regulations force Ontario's industries to lose market share, move elsewhere 
or cancel expansion plans for their Ontario operations? 

The approach taken to answering this question in this study, undertaken for the 
Ontario Ministry of the Environment (MOE), was to compare the current and 
anticipated industrial toxics regulations of Ontario with the regulations of selected 
other jurisdictions with which Ontario industry competes. The comparison was done 
from three perspectives: 

o the extent of toxics regulations in the selected jurisdictions; 

o the extent of enforcement of these regulations: and 

o the financial impacts of these regulations on the affected industries net of 
government support and assistance programs. 

Ontario was compared to two other Canadian Provinces and 12 selected US States 
Nine industry sectors were focused upon as those most likely to bear the heaviest 
burden under Ontario's proposed regulatory initiatives. 

In this paper, we will review the main findings and conclusions arising from this 
research. We will also discuss briefly the evidence on the effect of the free trade 
agreement on environmental protection regulations. 

SUMMARV OF FINDINGS AND CONCLUSIONS 

THE REGULATORY SETTINGS 

o All of the jurisdictions examined are in the midst of proposing major 
changes to their regulations and enforcement of the toxic effluents and 
emissions of industries. This complicates the task of comparing the 
jurisdictions, as all of them are changing simultaneously It is not always 
obvious what regulations will result nor when any such regulations will be 
promulgated- 

o However, all the jurisdictions are moving, and sometimes dramatically so 
in the direction of increasing regulation of industry's toxic pollutants The 
various agencies involved in developing the regulatory approaches are 
copying liberally from each and share information freely. 
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CANADIAN PROVINCES 

All three Provinces have a variety of regulations and licensing processes 
that impose pollutant controls at specific plants. The emphasis to date has 
been on the so-called "conventional" pollutants such as plf, suspended 
solids, and biological oxygen demand (BOD) 

o The current regulations result in inconsistent treatment of pollutants, 
including toxics, among plants in the same sector and across sectors. 

o All the Provinces are in the midst of major overhauls of their regulation of 
air and water toxics. Ontario is much further advanced than the other two 
Provinces in identifying the specific toxics likely to be regulated and in 
setting preliminary schedules for regulations. 

o Ontario's MISA program has identified 179 parameters, including toxic 
chemicals, likely to be regulated across the nine priority industry sectors. 
The proposed amendments to Regulation «308 identify 100 toxic 
substances that might be regulated. 

o Neither Quebec nor Alberta is yet at this advanced stage. However, 

Quebec has announced publicly a major commitment to environmental 
protection through its new 'Industrial Waste Reduction Program". This 
program focuses on many of the same sectors that would be regulated 
under MISA and Regulation *308. While details are still being worked out 
in government-industry committees, we understand that the Quebec 
program is being based on both Ontario's approach and the approaches of 
other jurisdictions that figured in the design of the Ontario model. The 
Quebec approach will be a technology-based one. as in Ontario, but with 
greater emphasis on the introduction of clean technologies. If the Quebec 
government maintains its current momentum it is conceivable that Quebec 
will introduce controls of loxic pollutants in the same time horizon being 
considered for MISA and Regulation #308. Quebec's stated target dale for 
introducing toxics regulations is 1992. The specific toxics to be regulated 
have not yet been identified. 

o Alberta is at an earlier stage, and is just developing a process for 
identifying priority pollutants 

o Quebec is moving towards a "one-stop shopping" approach in its pollution 
regulation. All regulations and all media will be covered by the 
"depollution attestation" certificate which will be required. This may 
simplify the task of compliance on the part of firms. 

ONTARIO VS. THE UNITED STATES 

o In the U.S.. air and water toxics have received different regulatory 

treatments at the hands ol" the Environmental Protection Agency (EPA) 
and are discussed separately. 



For U.S. industries, the EPA has established effluent limits on 126 water- 
borne toxics (called "prioriiv pollutants"! since I9S2 for some sectors. 
These regulations arc based on Best Available Technology (BAT-EA). 
Thus, to the extent that these effluent regulations have been a financial 



428 



burden to U.S. industries, the Ontario industries have had a competitive 
advantage over their U.S. competitors during this period. 

However, in out judgment the US. experience has been that the costs to 
US. industry of complying with the EPA's current water-borne tonics 
regulations have not been significant. The one possible exception to this 
conclusion is the organic chemicals sector, which may be facing significant 
capital costs to comply witii the regulations. 

Ontario's MISA program is in the pre-reguiating stage of monitoring the 
efriuentj of the major direct dischargers. The large majority of the EPA's 
regulated toxics are also on the MISA list. It is highly likely that the 
EPA's BAT-EA limits will be the minimum levels of control to be 
specified in the eventual MISA regulations. MISA may impose even more 
stringent effluent limits, given its stated goat of achieving [he "virtual 
elimination of toxic contaminants in municipal and industrial discharges 
into waterways," 

Whether or not these future MISA effluent limits will constitute a 
competitive disadvantage will depend upon the limits set and the costs of 
achieving them. To date, no estimates have been prepared of the costs to 
Ontario industries for complying with the eventual MISA regulations. 

U.S. industries are also facing more stringent regulations of their toxic 
pollutants. Regulations on receiving water quality standards are to be 
developed during 1989. with enforcement beginning in 1992. These 
limitations will be in addition to the BAT-EA effluent limits already in 
force. 

On a per capita basis, Ontario spends three times as much on enforcement 
as does the U.S, EPA. 



Ontario's proposed amendments to Regulation »308 would cover more 
chemicals more stringently than comparable programs in the U.S.. To 
date, the EPA has regulated only seven toxic air substances, far short of 
the 100 being considered by Ontario The Stales have filled this void, 
proceeding independently New York has set ambient air quality levels for 
over 250 toxics, used as guidelines to set permit levels. Massachusetts has 
ambient standards for over 100 air toxics, also used in the permitting 
process. 

Some US. experts judge that, within two years, the U.S. Federal 
government will establish a list of air pollutants for which control 
requirements will have to be set. One piece of legislation in the House of 
Representatives identifies 187 air toxics to be controlled. Another draft in 
the Senate directs that 1 1 specific chemicals are to be controlled within 18 
months, with a further 2 13 chemicals to be controlled within 10 years. 
Both of these lists cover more chemicals than does Regulation #308. 
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General 



All of tKese jurisdictions are operating, to date, on the "polluter pays' 
principle whereby the industries creating the pollutants are expected to 
pay the costs of abatement. Thus, there is no competitive advantage in 
any jurisdiction from this perspective. 

Firms operating in Canada, however, have a significant advantage ovct 
their U.S. counterparts in the federal government's accelerated capitalist 
allowance that the Canadian firms are permitted on their purchases of 
equipment for purposes of pollution abatement and control. U.S. 
companies have no such comparable program. The tax-free industrial 
development bonds available in the US do not compare in impact on the 
affected companies. 



OVEHALL CONCLUSIONS 



A detailed comparison uf regulations leading to conclusion on competitive 
advantage is difficult because of the many and complex changes taking 
place in the toxics regulations, of all the jurisdictions and the differences 
in implementation and enforcement even within a jurisdiction. 

In out view, all the jurisdictions examined will continue to introduce 
ever-more stringent regulation of industries' toxic pollutant The call for 
this increased stringency is being seen by governments to come directly 
from the electorate. 

The degree of information exchange among the regulating agencies makes 
it unlikely that the technical toxics regulations themselves will bestow a 
significant competitive advantage in a jurisdiction However, the timing 
of introduction of the regulations could introduce some competitive 
advantages as each jurisdiction proceeds according to its own time-tables. 
I he detailed effect of this is difficult to judge since governments have 
traditionally allowed phasing-in periods that can stretch for a decade, 
especially for special interest groups such as small businesses. 

There will be a tendency for the jurisdictions to "leap-frog" each other, 
building on the most current technical knowledge, with the level of 
regulation increasing across all of the jurisdictions- 
Pollution control regulations are, of course, but one of a large number of 
factors lhat influence decisions about locating manufacturing and 
processing plants. 

All of the governments examined claim significant benefits for their 
industries in exporting pollution control technology to other jurisdictions 
facing simitar j-egulauons. The above results lead to some conclusions 
about the extent to which these claims are realistic. 
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Study of the Options for Reduction 
of Energy-Related Greenhouse Gas Emissions 



Introduction 

The World Resources Institute estimates the three leading 
contributors to the greenhouse effect to be: 

. carbon dioxide (C0 2 ) 49 * 

. methane (CH 4 ) IS % 

. chlorof luorocarbons (CFCs) 14 * 

Our research examined ways to reduce energy-related emissions of 
these gases, with carbon dioxide being the principal focus. 

crcs 

CFCs are used as propellants in aerosols, in the manufacture of 
foams, refrigerants in air conditioners and refrigerators and as 
cleaning solvents. Halons, compounds related to CFCs, are used 
in fire extinguishers. Substitutes or alternatives are 
available, or are expected to become available over the next 5 to 
8 years, for most uses of CFCs and halons. 

An international agreement, the Montreal Protocol, to limit 
emissions of CFCs and halons has been signed by 46 countries 
including Canada, It will reduce CFC consumption to 50 percent 
of 1986 levels by 1999. 

Since the Montreal Protocol was drafted, scientific opinion has 
concluded that further reductions are needed. As a result, 
Canada, Ontario and British Columbia have announced their 
intention to reduce CFC use by 85 percent before 2000 and to 
eliminate all use as soon as safe substitutes are available. 

Eventual elimination of these chemicals appears to be technically 
and economically achievable. Industry has indicated that it is 
prepared to cooperate in the achievement of that target. 

Ma thane 

Methane emissions are predominantly from natural sources such as 
wetlands and livestock. The largest energy-related sources are 
fugitive emissions from the petroleum industry, coal mines, 
landfills and similar sources. 

The estimated annual emissions of fugitive methane and the 
fraction of those emissions judged to be economically recoverable 
are as follows: 
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Estimated Fraction Potential 

Annual Estimated Reduction 

Emissions of to be of Fugitive 

Methane Economically Emissions 

(millions of m 5 ) Recoverable (1,000 tonnes) 



coal mines 500 0.5 180 

petroleum 
industry 2,000 0.1 140 

land fills 1,600 0.5 570 

Measures to capture and use fugitive methane are technically and 
economically feasible in many situations. The principal need is 
for regulations or incentives to encourage collection and use of 
the methane and to create markets for the gas and/or electricity 
produced . 

Combustion-Related Emi ssions of C0 a In Canada 

The principal source of carbon dioxide emissions is combustion of 
fossil fuels. Other sources include feedstock uses of fossil 
fuels and chemical reactions in the manufacture of cement. This 
study dealt only with combustion-related emissions of carbon 
dioxide. 

Estimates of current and future emissions of carbon dioxide due 
to fossil fuel combustion are needed to provide a framework for 
the analysis of possible abatement options. The following 
estimates were derived by applying appropriate emissions 
coefficients to the most recent energy forecast published by the 
Canadian Department, of Energy, Mines and Resources. That 
: •:■<-■ ist i • baaed on the pric* of a barr»l ol Kaat Texas crude 
rising from U.S. $15 in 1988 to U.S. $24 in 2005 (both in 1986 
dollars) . 

The estimated emissions of carbon dioxide due to combustion of 
fossil fuels are as follows: 

19B8 - 2005 
1988 2005 Growth 

Residential Sector 
Commercial Sector 
Industrial Sector 
Transportation Sector 
Electricity Generation 

TOTAL 114* 171* 50% 

* Millions of tonnes of carbon as C0 2 annually. 
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Currently the transportation and industrial sectors account for 
about 30 percent of combustion related CO ? emissions each. 
Electricity generation is responsible for about 20 percent of the 
emissions at present. But this sector is forecast to be the most 
rapidly growing source of emissions. By 2 005 electricity 
generation is forecast to be roughly equivalent to the industrial 
and transportation sectors as a source of carbon dioxide 
emissions . 

The forecast growth in carbon dioxide emissions continues an 
historic trend that has been interrupted for most of the past 
decade. Carbon dioxide emissions in Canada are estimated to have 
reached a peak in 1979. Since then they have fluctuated in a 
band down to 10 percent below the peak. This relative stability 
in carbon dioxide emissions is thought to be due primarily to the 
sharp increase in energy prices and serious economic recession 
during the early 1980s. These are probably not the preferred 
polices for controlling carbon dioxide emissions. 

CQ j Emissions Reduction Target 

The June 1988 Toronto conference on "The Changing Atmosphere: 
Implications for Global Security" recommended a target of 20% 
reduction from 1988 emissions by 2005. This target appears to be 
gaining international acceptance. The combustion-related 
emissions of CO, allowed under that target in 2005 are 92 million 
tonnes of carbon annually. 

To meet the target, projected combustion-related emissions of CO, 
must be reduced by 79 million tonnes of carbon per year by 2005, 
An examination of the projected emissions by sector in 2005 
indicates that no single sector exceeds 49 million tonnes. Thus, 
to reduce C0 2 emissions by 79 million tonnes will require 
significant reductions in the forecast emissions of several 
sectors . 

Identif ication of Carbon Dioxide Abatement Measures 

Measures with the potential to reduce emissions of greenhouse 
gases due to combustion of fossil fuels were identified from the 
available literature. Potential measures were classified into 
the following categories; measures that: 

. conserve energy and so reduce fossil fuel user 

. substitute a less carbonaceous fuel for a more carbonaceous 
fuel ; 

. substitute a non-carbon energy source for a carbonaceous 
fuel; 
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. remove greenhouse gases from combustion emissions; and 

. recycle greenhouse gases. 

How Are Carbon Dioxide Abatement Measures Defined? 

Each measure is defined in terms of a "typical" installation, 
such as a house, an automobile, a square metre of commercial 
floor space, or an industry sector, for which energy performance 
and financial data are available. 

A measure typically involves a specific end use or application 
and fuel; for example, a building envelope retrofit for hones 
heated with natural gas. As the example indicates a certain 
amount of aggregation is needed. A building envelope retrofit 
may include a variety of specific measures such as ceiling, wall 
and basement insulation, caulking and weather tightening, storm 
windows, etc. The "building envelope retrofit" measure used in 
the analysis reflects a typical mix of these specific measures. 

Each measure is documented in terms of its: 

. energy performance; 

. cost characteristics; 

, potential number of installations; 

. reduction of greenhouse gas emissions; 

. cost-effectiveness in terms of emission reductions; and 

■ potential for emissions abatement. 

Co ., Emissions Abatement Options 

The feasibility of meeting the 20 percent reduction target was 
assessed by evaluating the technical potential (i.e., 100% 
penetration of the measure) of selected carbon dioxide abatement 
options. Abatement options were chosen on the basis of their 
cost-effectiveness in cutting carbon dioxide emissions (lowest 
cost per kg of CO ; emissions avoided) . 

The abatement options selected on that basis fall into three 
broad categories: 

. improved energy-efficiency of fossil fuel use in the 
residential, commercial, industrial and transportation 
sectors. These measures yield carbon dioxide emissions 
reductions of about 40 million tonnes of carbon per year. 
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improved efficiency in the use of electricity through demand 
side management measures. Adjustments are made for 
increased cogeneration and use of electrotechnologies. The 
net impact is to lower carbon dioxide emissions by 
19 million tonnes of carbon per year. 

, substitution of non-fossil generation for remaining planned 
and existing fossil fueled generation. This would cut 
emissions by 29 million tonnes of carbon per year. 

The total technical potential for carbon dioxide emission 
reductions that can be achieved through the selected measures is 
about 88 million tonnes per year; roughly 10 percent more than 
the target. 

These results reflect a "fantasy world" scenario that assumes 
full penetration of selected measures and ignores real world 
barriers. For example, the only sizeable non-fossil generation 
option available in some regions is nuclear and it is not 
acceptable to the public in those regions. 

As well, the measures are selected solely on the basis of cost- 
effectiveness in curbing carbon dioxide emissions. Other social 
objectives and economic impacts are disregarded. Displacing 
existing fossil-fueled generation would virtually close the coal 
mining industry, a major source of employment in some areas. 

Impacts of Sele cted Measures on Canadian Electric uti lities 

The carbon dioxide abatement measures selected using the cost- 
effectiveness criterion would have very significant impacts on 
electric utilities. To wit: 

. growth in secondary demand for electricity would fall from 
2.54% annually to 0.64% per year over the period to 2005 as 
a result of the demand side management measures 

. all planned and most existing fossil fired generating 
stations would be replaced by non-fossil generation. The 
additions to hydro and nuclear generation capacity forecast 
by the Department of Energy, Mines and Resources to 2005 are 
enough, given the much lower growth in demand, to displace 
all existing fossil capacity on a national basis. 

The impacts on electric utilities under the cost-effectiveness 
scenario are extreme. This scenario should be treated as only the 
first step in arriving at a realistic set of CO z abatement 
measures. 
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Impacts on Othar Bectora 

Selection of the most cost-effective abatement measures yields 
reductions in carbon dioxide emissions by the residential, 
commercial and transportation sectors of 20 to 25%; roughly in 
line with the overall target. In contrast, emissions from the 
industrial sector ri3e by almost 5%. 

The major disparity in impacts, then, is between industry and the 
utilities whose emissions are cut by almost 100*. Electric 
utilities may be expected to achieve a disproportionate share of 
the CO, emissions abatement target. This does not mean that the 
financial burden could not be distributed evenly, with direct or 
indirect transfers from industry to utilities. 

Lessons From tha Technical Potential Scenario 

Recognizing that the technical potential has a "fantasy world" 
character, it nevertheless yields some helpful insights. 
Specifically: 

. The 20 percent reduction target is very ambitious. The 

total reduction achieved by 100% penetration of the selected 
measures exceeds the target only marginally. This means 
that there is very little scope for sectoral, regional or 
other exemptions. All sectors and regions will need to make 
an effective contribution to achievement of the target. 

. Major government policy intervention will be needed to 
achieve the target. Hear universal adoption of a broad 
range of abatement, measures across all sectors will not 
occur in the absence of major policy initiatives. 

. In aggregate the selected measures yield a net economic 
benefit to society on the basis of the energy savings alone. 
Environmental benefits in the form of reduced climate 
warming, curtailment of acid rain, lower particulate 
emissions, etc. increase the benefits further. Costs due to 
disruption of the electricity generation and coal mining 
industries could reduce the net benefits somewhat. 
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INTRODUCTION 



Photochemical oxidants have long been recognized as a cause of vegetative, material, and 
human health damage. Agricultural crop damage in Canada was first attributed to ozone 
with the observation of tobacco 'weather fleck' in Southern Ontario in 1955 (MOE 1984), 
High concentrations of photochemical oxidants have also been observed lo cause damage to 
cenain materials, add to atmospheric haziness, and cause health damage to humans. Health 
warnings to urban dwellers to stay indoors and refrain from strenuous exercise during the 
hot and hazy days of summer are an unfortunate consequence of elevated ozone levels- 
Other effects are less sensational but no less important. 

Photochemical oxidants are a class of secondary pollutants produced under solar radiation 
from volatile hydrocarbons and nitrogen oxides. The main oxidants produced by this chain 
of photochemical reactions include ozone (O,), peroxyaceiyl nitrate (PAN), and nitrogen 
dioxide (NO a ). While ozone is the principal oxidant produced by this process, it is less 
toxic than both PAN and NO, in some effects. 

The time taken to produce these oxidants (from iess than one hour to several days) has led 
to greater consideration of the impact of long range transportation of the emissions 
associated with this process in order to identify precursor sources and damages. The 
economic value of increased crop production from ozone reduction was estimated at $15 
million (1980$) per year for Ontario alone (MOE 1984), 

Efforts lo reduce ozone levels have concentrated on the control of precursor compounds: 
volatile organic compounds (VOCs). comprising both methane and non-methane 
hydrocarbons, and nitrogen oxides (NO x ). 

Damages caused by ozone in Ontario are most acute in Southern Ontario, particularly in 
the Samia region and the metropolitan belt along the Oshawa-Toronto-Hamilton corridor. 
This area formed the study region for our project. These regions, plus the Nanticoke 
power generating station along the shore of Lake Erie, are also the source of most of the 
anthropogenic NO* and VOCs emissions in the province. 



2 MAIN SOURCES OF NO, AND VOCs 

Motor vehicles are by far the largest source of NO x . responsible for an estimated 65% of 
1985 total emissions in this region (ARB 1988) and about the same share for the province 
of Ontario, as well as for the whole country (Environment Canada 1988). NO,, emissions 
from motor vehicles are caused by fuel combustion with excess oxygen. Improvements in 
combustion efficiency and engine modifications can reduce NO s emissions from motor 
vehicle engines by up to 70% (VHB 1989). 
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Minor vehicles ure also the largest sou.-cc of VOGs in Ontario, responsible for 48-'& of 
total VGCs emissions close 10 the same share on a national level (Environment Canada 
l»)8K). VOCs emissions from moior vehicles result mostly from incomplete combustion 
and evaporative losses. Evaporative emissions controls, air injection, engine modifications, 
and oxidation catalysts can reduce VOCs emissions by up to 90% for motor Vehicles (VHB 
1989). 

EiSlssions from motor vehicles and othei transponation sources are necessarily i national 
problem. Initiatives to flintier reduce NO» and VOCs emissions from these sources 
through stricter emissions standards are currently being undertaken by the Ontario 
government in concert with the federal government and other provinces. 

Fuel combustion by industry, commercial businesses, and ihe residential sector arc the next 
largest source of NOX, responsible for 29% of the total provincial emissions, 30% of 
national emissions, and 34% of the emissions in the study region. The electric gel 
and petroleum refining industries were the source of most of these emissions- 
Emissions of VOCs are generated by a wider variety of sources and processes VGCs 
emissions from the evaporation of solvents, dry cleaning, ga< and fuel marketing, fires, 
swamps, pigs, and other dispersed sources all account for a large share rrf the annua! VOCs 
emissions in the province. Process and product changes in solvents and surff.ee coatings, 
and gas volatility reduction in the fuel marketing network are among the proposals for 
reducing emissions from these dispersed sources, industry is also a major direct source ot 
VOCs, particularly the chemical products and the petroleum refining -nuusmts. Th • 
industries were each responsible for 6% of the VOCs emissions in the study region. Oincr 
industrial sources were responsible for close to another 6"5 

Annual emissions from these different sectors are shown in Figure 1 and Figure 2 for both 
the study region and the province. 
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Figure I NO, Emissions by Sector: Ontario 1985 
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Figure 2 VOCs Emissions by Sector: Ontario 1985 



i STUDY OBJECTIVES 

As pan of the Ontario Ministry of the Environment's strategy for the control and 
abatement of oxidants under the Long Range Transportation of Air Pollutants (LRTAP) 
control program in Ontario, an estimate of the economic costs of alternate abatement 
strategies was undertaken. This study was to concentrate on emissions from the chemical 
producers, petroleum refineries, and electric generating stations in the Samia and Oshawa- 
Toronto-Hamilion metropolitan regions. 

The specific objectives of our study were to: 

• determine the major sources and quantities of NO* and VOCs emissions in Ontario; 

• project future emissions for the specified sectors and regions; 

• identify abatement technologies and systems to reduce NO x and VOCs emissions 
from these sources; 

estimate capital and operating costs for applicable technologies for each source and 
use this data to develop abatement cost functions; 

• estimate the costs of achieving three abatement strategies. 



4 STUDY METHODOLOGY 

Data on 460 individual sources of NO x and VOCs emissions from 41 different industrial 
establishments was compiled from ihe Ontario Emissions Inventory System database for the 
three industries in the study area. 

Seven different technologies and processes for reducing or controlling VOCs emissions 
were considered for identified VOCs emission sources; catalytic incineration, thermal 
incineration, carbon treatment, steam flares, floating roof tanks, piping, and increased 
maintenance. Six technologies for reducing or controlling NO x emissions were considered 
for the sources; low excess air firing, selective catalytic reduction, selective non-catalytic 
reduction, fuel switching, staged combustion, and low NO« burners. 

While operating costs of pollution control technologies are often related closely to the total 
loadings of pollutants, capital costs are usually more closely related to other factors, such 
as flue gas flow rate and burner, equipment, or storage tank size. Detailed capital and 
operating costs were calculated for the sources where this information was available. Costs 
for the remaining sources were estimated by extrapolating to emissions emanating from 
similar industrial processes. 
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These cost estimates were used to estimate abatement cost functions for each pollutant and 
by detailed industrial source sector according to three selected scenarios: 



• Lowest Achievable Emission Rale (LAER) scenario: requiring the use of technology 
which leads to the lowest level of emissions, 

• Minimum Control Level on all sources scenario; requiring every emitter to reduce 
emissions by a target fixed minimum percentage rate (or the lowest achievable rate 
if such a rate is not achievable), 

Least Cost scenario: requiring emitters as a group to implement the least-cost 
technologies to achieve a specified abatement target. 

The three scenarios above are identical when the Minimum Control Level and the Least 
Cost scenarios are set to maximum or 100% removal target levels. That is, the LAER 
scenario becomes a special case of the other two scenarios. 



5 THE EFFECT OF PROGRAM DESIGN 

In designing abatement programs, it is important to take into consideration the distribution 
of both the benefits and the costs of the control measures. The design of the program may 
have a significant effect on who will benefit from the program, and who must bear the 
costs of it. 

For example, a program requiring all sources to reduce emissions by a minimum fixed 
percentage will have the effect of distributing the costs widely. However, it is likely that 
the actual costs of abatement will be heavier on some industries than others and this 
approach may fail to take into account the different costs already incurred at each end 
source. The firms most affected by such a strategy are likely to be different than the firms 
selected by a strategy aimed at achieving the maximum level of abatement at the least cost- 
Similarly, there may be significant differences in the distribution of benefits, depending on 
the abatement strategy pursued. If the industries affected by the least cost abatement 
program are located in same region, then the effects of the abatement program will be 
largely restricted to that and downstream regions - and not necessarily where benefits 
would be maximized. 

Where the costs of ensuring distributional equity across sources (regulating a minimum 
fixed percent reduction at all sources) are considerably higher than a least cost strategy 
achieving the same reduction, then serious consideration must be given to the issue of 
trade-offs between distributional equity and economic efficiency. 

The distribution of benefits across regions is more difficult to analyse to any degree of 
accuracy because of the many factors influencing ozone damages: sunlight, prevailing winds 
patterns, temperature, &c. In many cases, the most that can be expected is to regulate 
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those sources adjacent to, or upwind of. regions with significant agriculture or population 
and where excess ozone levels have been measured. 



6 RESULTS 

Costs were developed using a computer model designed for the study to allow for 
flexibility in equipment depreciation rates, interest rates, technology removal efficiencies, 
and for changes in the emission rates of the different sources. Using this computer model, 
it is also possible to estimate the abatement cost curves for a subsector of sources in a 
panicular region, in a particular industrial subsector, or of a certain size. 

The least cost scenario selects control options sequentially in order of lowest incremental 
cost. These results show the most economically efficient costs of control fee each level of 
reduction as control measures are applied selectively to each source. It is of panicular 
interest for policy-making because it shows the wide range in costs of control for different 
sources and levels of control. Table 1 presents estimated costs of reducing different levels 
of NO„ emissions from all the sources in the study region. 



Table 1 
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This table and Figure 3 show that incremental costs of control rise rapidly just above 
18,500 tonnes reduction - or a global reduction of 38% for the study area - as selective 
catalytic reduction control technology is adopted by an increasing number of sources. 
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Figure 3 



Nitrogen Oxide Least Cost and Minimum Control Level 
Estimated Cost Comparison at 10% Interest Rale, 1986$ 



Figure 3 provides a comparison of total costs for the least cost and minimum control level 
scenarios and shows that cost differences at a 40% target level, although relatively small 
compared to other target levels, can be considerable. The costs of a minimum control 
strategy at 20% are about three times the cosls of a least cost strategy at this level of 
global reduction. In reality, of course, when many companies install a technology capable 
of higher removal rates than required under a minimum control level, they would probably 
not operate the control technology at its maximum removal capacity. Even if they did, the 
cosls of achieving a global reduction of 40% in NO, under a least cost strategy are over 
$10 million lower per year than under a minimum control level strategy. For different 
control levels, or if it is assumed thai industries do not operate the control technology 
efficiently, the cost differential is even greater. 

Figure 4 illustrates estimated annual VOCs abatement costs for different reduction levels. 
The abatement costs start to escalate substantially above 14,000 tonnes reduction - or a 
60% global reduction - per year for this group of sources. Applying a minimum control 
level to all sources would be considerably more expensive than a least cost strategy: $4 
million more per year for an 80% reduction and even more for tower target rates. 

Estimated annual reductions, costs, and costs per tonne NO, and VOCs removed under the 
LAER abatement scenario are shown in Table 2 for different industries. 
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Figure 4 



VOCs Least Cost Scenario: Incremental, Average, and Total Costs 
At 10% Interest Rate, 1986S 



7 STUDY CONCLUSIONS 

The main conclusions of this study were: 



1. Large savings in abatement costs - in the order of millions each year - can be 
achieved by adopting a least cost control strategy instead of a minimum control level 
strategy. Estimated abatement costs should be matched to estimates of the benefits from 
pollution abatement from each source lo estimate net benefits of controlling each source. 

2. Adopting a minimum control level strategy can be justified on two grounds: costs of 
planning, monitoring, and enforcemem can be lower than under a least cost strategy; and 

an equal minimum control level for all sources on the surface seems fairer than a selective 
least cost straiegy. First, the cost savings estimated in this study from adopting a least 
cost strategy instead of a minimum control level strategy for most reduction levels appear 
10 be high enough to outweigh additional planning, monitoring, and enforcement costs. 
Second, sources which can be controlled at relatively low cost per tonne removed are 
usually eiiiier larger emitters or emit high pollutant concentration levels. These can be 
controlled at a lower cost than oilier sources because of economies of scale in the first 
case and because of rising marginal costs of reduction at each source in the second case. 
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Table 2 LAEH NO, and VOCs Abatement Costs 



vocs Reductions 

Petroleum Refineries 
Chemical Producers 

Tolal 



NO, Reductions 

Electric Utilities 
Petroleum Relineries 
Chemical Producers 

Total 



Annual 

Reduction 

(tonnes) 

17,277 

5.921 



Annual 
Reduction 

(tonnes) 



17,422 
7.612 
1.388 

£6,422 



Annual 
Cost 

(s'ooo) 

$16,216 
$4,146 

$22,364 



Annual 

Cost 

($•000) 

$178,836 

$118,552 
$22,448 

$319,836 



Cost 

per Tonne 
removed 

$1,054 
$700 

$964 



Coat 
per Tonne 

removed 

$10,265 
$15,574 
$12,173 

$12,105 



Arguably, it is 'fairer' to force these types of polluters to reduce their emissions before 
forcing smaller or cleaner sources to do so. 

3. The abatement costs estimated in this study are likely to be upper level estimates. 
If the proper incentives are in place, polluters will probably be able to find lower cost 
process changes other than those examined in this study which achieve reductions at lower 
costs. Some of the process changes examined in this report were estimated to result in 
substantial fuel savings for many of the firms because they result in waste reduction rather 
than waste removal. 

4. Some of the control technologies which were examined in this study can result in 
some inter-media transfer of wastes, rather than complete removal Inter-media transfers 
from air pollution control equipment are a more important factor for metals, organic, and 
particulate emissions. This effect of control technologies should be explicitly considered in 
further studies of this sort and in designing abatement programs. 

5. Little information is available on process changes resulting in waste reduction 
compared to the information available on generic end-of-pipe control technologies. Waste 
reduction can be more efficient because cost savings can result and inter-media transfers 
can also be lower. Better housekeeping methods, more inspection and maintenance, 
recycling, waste exchanges, and waste audits are first steps on this route. More studies 
examining actual or potential waste reduction process changes in industry are urgently 
required. 
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The present paper aims to examine some of the problems in developing 
economic models to analyse waste management option, or compare the costs 
of alternate waste management strategies. Some resulta of a study carried 
out for the Ontario Ministry of the Environment [1,2] to develop an 
economic model to evaluate costs for toxic heavy metal waste management 
strategies are presented. 

1. . THE ECONOMICS OF WASTE KAMACEHENT 

Environmental economics is a complex issue with perspectives at several 
levels. At the Federal government level there is the search for fiscal 
policies that will moat effectively promote protection of the 
environment. At the provincial or local government level where there is 
direct interaction with industry, there is the question of seeking 
economic incentives to promote waste reduction and cost effective waste 
management policies as well as possibly generating funding to meet 
environmental cleanup costs. Finally, the companies and Industrial waste 
generators would need to compare the economics of alternate waste 
management strategies to aid them in their choice of technology. While 
most focus is on the latter more practical issue, some discussion of 
government economic policies and incentives is relevant since it has a 
direct bearing on industrys' environmental planning. 

Most developed countries now seem to be favouring the use of market forces 
to protect the environment. While the mechanisms being employed in 
different countries vary and are still being explored, the definite trend 
is towards offering financial incentive, to favour clean industries and 
polluter pays- charges that exact . price from those who abuse the 
environment. While selection and monitoring of these policies is 
undoubtedly a difficult task, one country at least. West Germany, win now 
include environmental costs in its national statistics. Over the next 
five years two sets of figures for gross national product will be 
compiled. The first will remain the traditional total of good, and 
service, while the second would be adju.t.d to show the cost of u.ing or 
abusing the environment. Officials st West Germany, environment ministry 
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indicate that although the task of assigning a monetary value to existing 
resources and the cost of steps being taken to protect them is daunting, 
the challenge of assessing the cost of restoration of the environment or 
compensating those who suffer is far more difficult. Thus, shifting the 
burden of toxic waste management from nature back to industry, the 
original generator, is the overall goal of modern environmental 
legislation, evolving from the "the polluter pays" principle of the 
ald-60's and the impact of RCRA, the clean Air and Clean Water Acts and 
HISA in the USA and Canada, and culminating in the "sustainable 
development" ethics of the Bruntland report- 

The economics of toxic waste management is a complex issue for several 
reasons. The first is the fact that many waste management costs are 
difficult to quantify , especially those which relate to societal 
contributions. Second is the fact that industry itself often has poorly 
defined data on. its own waste management coses, having in the past 
regarded pollution control as an unfortunate cost of staying in business 
to be avoided or eliminated wherever possible. In the last decade this 
situation has changed dramatically. Environmental legislation and public 
pressure has caused industry to accept environmental management as a major 
component of its operations. Furthermore, there has been the realisation 
that the costs of traditional methods of waste management such as land 
disposal or deep well injection have been artificially low. Society is 
now repaying these subsidies via the enormous remediation costs of 
"Superfund" and other programs- 

Private vs Social Coats 

There are two main categories of waste management costs; the "private" 
casts to industry of running its waste management operations and the 
"social' costs to government and society in supporting those operations. 
Private costs mainly cover the capital and operating costs of waste 
management while "social" costs were mainly confined to the subsidized 
support costs: of land disposal, sewer use and water supplies referred to 
earlier. However, as we are now only too painfully aware, there are much 
more serious social casts in the issues of waste site cleanup, public 
health coats and the environmental impairment costs. These factors might 
be generally described as "the cost of consumption of environmental 
quality". 

Hard vs Soft Costs 

The fact that so many waste management costs are intangible or poorly 
defined at best, presents a serious problem in any attempt to develop an 
economic model. Thus the various cost factors might be termed "hard" or 
"soft" where "hard" costs are those costs which are reasonably well 
defined such as the capital cost of a waste treatment syBtem* whereas 
"soft costs" might for example, include some of the hidden labour cost 
components. A more dramatic example might be the "future risk cost" of a 
given waste treatment strategy [3], 
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While most of these intangible or societal costs are not generally of 
concern to indue try in their selection of waste management policies, 
examples such as Love Canal have shown us that the selection of the lowest 
cost treatment technology is not necessarily the least expensive. There 
is a certain "risk cost" element in every waste management decision. 
Also, as we see the inevitable trend towards elimination of subsidized 
waste management services such as land disposal, sewer use and industrial 
water supplies, industry is being forced to turn to the more innovative 
approaches of waste minimization and recycling [4], The problem for 
industry still remains, however, that in the selection of the most 
effective strategy* future estimates of waste management costs must be 
considered. Unfortunately, although there are many publications 
describing the economic benefits of waste reduction few of these contain 
the hard economic data required by industrial management to carry out 
major policy decisions. 



2. ECONOMIC MODELS 

A number of attempts have been made to develop economic models to allow 
government, industry, environmental legislators, companies or waste 
generators to analyze the costs of various waste management strategies. 
These models have been both general f5] and industry or waste-type 
specific [1,2]. A major problem already referred to. is the uncertainty 
of many cost elements associated with waste management system operations. 
Since waste management is often not viewed as a profit centre, capital and 
operating costs may be buried in general overhead costs. In other cases 
where waste treatment systems were constructed by the company itself, 
capital costs were often poorly defined. Operating costs are also often 
uncertain due to the part time nature of many waste management 
operations. Thus attempts to develop industry or waste -type specific 
models are often thwarted by the lack of reliable baseline data. Even 
case study reports of waste management system economics published in 
technical journals are usually far from reliable. In many of these 
so-called studies, basic assumptions are not clearly defined and since 
they are often prepared by equipment manufacturers themselves, the 
findings also tend to be over optimistic 



Mon-Speclfic Economic Models; Risk Analysis 

Since a new waste treatment system may have a lifetime of ten years or 
more, any economic analysis of alternative strategies must examine future 
costs based on probable environmental scenarios. The most valuable work 
in this area has been carried out by Kaelean and colleagues [3,5], Their 
approach has been to attempt to analyze the "risk cost" associated with 
various alternatives. Clearly on-site resource recovery and recycling 
represents the lowest risk, whereas offsite waste transport and disposal 
provides the highest risk and passible future damage with its contingent 
future liability for future waste site cleanup. A full-cost accounting 
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approach is adopted with » JO-year horiton. In addition, projected | 

latory changes (e.g. land disposal, indirect compliance costs such as ■ 

permitting and record keeping costs and less tangible costs are estimated. ■ 



reeulatory changes (e.g. land disposal, indirect compliance costs such SB 
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Industry or Waste Specific Models 

Turning to industry or waste specific models, the model developed by the 
authors compare the costs of alternate strategies for management of heavy 
metal wastes. Although this model is industry and waste-type specific, in 
principle it could be applied to a range of industries, treatment 
technologies or waste categories. The main objectives of the model are as 

follows ; 

1. To estimate the costs of alternate waste management systems to firms 
in the metal finishing and printed circuit board industries. 



2. To estimate some external costs (primarily through subsidized water 
rates and environmental impacts - which do not enter into an 
individual firm's economic calculations!, and to estimate the costs of 
alternate wsBte management systems from a social perspective. 

The model provides detailed output information over a 20-year period for ■ 

the systems being analyzed. Itemized pre- and post-tax data can also be ■ 

generated. The model Is designed to analyze the costs of alternate waste V 

treatment systems. Although the default comparison is between a "zero 
discharge' syBtem and a -conventional' sludge precipitation system, any 
two types of systems can be compared if the user provides capital and 
annual operating coat information for each. 



I 



Costs to Individual Firms 

Hodel inputs for the analysis of costs to the firm include capital coats .» 

and a full range of operating costs. Capital cost inputs can b« M 

disaggregated to separately account for direct equipment costs, direct ■ 

installation costs, engineering and design costs, contingency costs, and 
salvage values for more detailed tax and depreciation calculations. 

The range of annual operating costs accounted for include: labour, 
electricity, water supply, water discharge, chemicals, maintenance, 
manifesting/paperwork, insurance. storage, and costs of sludge 
transportation and disposal. 

The model allows for different depreciation rates, different loan rates 
and conditions, variable inflation rates, provision for provincial and 
federal grants to the firm, and evaluation over different time horizons. 
A -switch- is provided in the computer program to include the capital and 
operating costs of a water demineralizatlon system, as most Printed 
Circuit Board plants (and some metal finishing plants) require de-ionized 
water for rinsing and reconstituting baths. 
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Survey data from over 40 metal finishing and printed circuit board 
manufacturers in Ontario were collected and tabulated as part of the study 
to provide a baaii for the estimates of coat variables for conventional 
sludge precipitation waste management systems. Published estimates of 
these costs, and engineering cost estimates provided by equipment 
manufacturers/suppliers, were also considered. The default set of capital 
and operating costs were estimated from these data, using linear 
regression techniques to obtain functions relating these costs to an 
indicator of the magnitude of waste treatment streams. Capital costs were 
estimated as a function of GPH water usage whereas most operating costs 
were estimated as a function of annual water usage. 

Social Costs 

The main external costs associated with waste disposal by heavy metal 
generating industries in Canada include: public subsidization of water 
supply and disposal; environmental, health, and social impacts of sludge 
disposal; environmental and health impacts of water contamination, and 
public monitoring costs. 

The external costs of land disposal of sludge and public subsidization of 
municipal water supply and treatment for industry were both estimated and 
included in the model as defaults as external costs. These values were 
estimated as averages for Ontario or Canada per tonne of waste disposed at 
municipal landfills or per thousand gallons water supplied or discharged. 

Testing of the Hodel 

Linear regression estimates for the slope parameters for many of the cost 
variables demonstrated satisfactory coefficients of determination (R ) 
at a 951 probability level, although the intercept estimates were 
generally insignificant. The model proved to be robust. A sensitivity 
test of the model estimates using estimated standard errors yielded a wide 
maximum range calculated for these estimates, simulation comparisons 
demonstrated that the model estimated total and individual costs very 
close to those reported in published case studies. 

3. INDUSTRY CASE STUDIES 

The original objective of the project was to apply the model to case 
studies of toxic metal waste generation by three industries; printed 
circuit board manufacturing, slectroplating/metal finishing and gold 
milling. Initial results have shown that the application of the model to 
the first of these categories, the printed circuit board industry, has 
shown very promising results, whereas the latter two industries still 
require some revisions and modifications to the basic model and its 
operation in order to provide some useful data. 
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The reason for this situation is mainly due to the waste generation 
patterns in these industries- The printed circuit board industry has a 
well defined waste profile with the main variations being concentration 
and volume flaw rates of the major pollutant species, copper, chelated 
coper, tin and lead. The electroplating industry on the other hand has a 
very complex: waste generation pattern. A wide variety of plating and 
processing operations are carried out and waste stream compositions and 
other external factors (size, profitability, job vs captive shop, etc) 
similarly vary widely. The gold milling industry is an even more complex 
situation. Although they are attempting to address new approaches to 
their traditional waste treatment problems, there is no clear indication 
that technological solutions are available that are either technically or 
economically viable. 

Case Study of a Printed Circuit Board Manufacturer 

Approach 

The model was applied to an Ontario printed circuit board manufacturer, 
using actual cost data derived from the firm. Again, the question was 
raised: faced with construction of a new plant or Installing a new waste 
treatment system, how would a zero discharge system compare with a 
conventional [sludge based) system from an economic point of view? It is 
worth noting that the more usu al situation is where the plant has an 
existing conventional waste treatment system and is faced with the 
prospect of writing off the value of this system prior to investing in a 
new recovery system. 

The case study site is a large captive printed circuit board manufacturing 
facility located in Southern Ontario. The main features of the site ate 
summarized below; 

Printed Circuit Board Case Study Site 



Shop Type Printed Circuit Board Captive Shop 

Plated Board Area current- 4,000 sq.ftjday 

tar geted- 5,200 sq.ft. by end of the year 

Type of Boards mainly double sided boards with some multilayer 

and single-sided boards, 

Metals Plated electrolytic (acid) copper, chelated (electroless) 

copper and tin/ lead 

Work Day two 8-hr shifts plus an additional half shift 

(4-hours) for the electroplating line. 

Daily Water Usage 250,000 US gallons per day (g.p.d.J. 
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Results and Discussion 

Figure 1 is an output summary provided by the model. The top section 
lists the key operating conditions: the Middle section summarizes each 
cost category and the resulting annual costs: the bottom section provides 
a financial comparison of the tvo systems before and after tax 
considerations. 

For a printed circuit board firm of this size, the zero-discharge system 
is clearly a wise investment. It provides an internal rate of return of 
321 (after tax) and a payback period of 1 years, even without taking into 
account future increases in the cost of water (influent water and effluent 
to sewer) and sludge disposal. 

The increased expenses (in SCAN) associated with the zero-discharge system 
are: 

* An additional 5813,000 to purchase the system. 

* An additional 560,000 yearly for maintenance. This difference is 
abnormally high due to the fact that the case study firm reported 
maintenance costs for its current installation that were much lower 
than the industry average. 

* An additional $2«,000 per year for electricity, to run the 
electrorecover y ceils. 

These were more than compensated for by the following savings in operating 
expanses: 

* Sevings of 547,000 per year in labor (including overhead), 

* Savings of $162,000 per year in chemicals. This is an unusually high 
difference, as the case study firm reported chemical costs that were 
much higher than average. Cost savings normally derive from 
elimination of the flocculants used in creating sludge. 

* Savings of $183,000 per year in water and sewage use costs. The case 
study had water and Bewer use rates that were 91 cents (per thousand 
gallons in end out) lower than the survey average. A rate increase of 
91 cents would bring the savings up by $61,000 to 5244,000 per year. 
Expected increases in this srea will make a zero-discharge system even 
more attractive. 

* Savings of $29,000 per year in sludge disposal. This is unusually 
low. because the case study plant generated less sludge than would be 
average for a plant using 250.000 gpd of water. Note too, that the 
plant was paying only S102 per tonne for disposal. In the US, the 
industry average is SCAN 250-500 per tonne and is rapidly escalating. 
With the impact of free trade, much higher sludge disposal rates can 
be expected for Ontario firms in the near future. 
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Figure 1 
Model Output for a PCB Manufacturer 
(in KM) 
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Applicat ion of the Model; Case Study of a Metal Finishing Plant 

The difficulties in modelling waste management options for this industry 
were mentioned briefly earlier. The wide variability both of waste 
streams (types of metals, quantities and waste volumes) and types, size 
and profitability of plants [small job shops up to large, dedicated 
captive facilities) make selecting case examples of recommended waste 
management options very difficult. A typical problem in this industry is 
lack of hard data on waste treatment system performance and costs, A 
common example is found where a conventional waste treatment system was 
Installed several years ago and has been modified or expanded by the 
company's own technical staff. An equally common example Is where some 
early examples of recovery technologies were installed in the plant, did 
not perform satisfactorily in that they were too complex, required too 
much maintenance or were affected by other impurities and were simply 
abandoned. This type of response is very common in this industry. 

Work is stiil in progress on the application of the model to the analysis 
of waste management costs in the metal finishing industry, 

*, CONCLUSIONS AMD FUTURE DIRECTIONS 

A major problem with the development of any economic model to analyze 
waste or industry-specific waste management costs will be the 
site. specific nature of each case. As has already been indicated, some 
industries have a much more uniform waste generation pattern than others. 
Selection of optimum waste management strategies depends on many factors 
[3] including the size, type and profitability of the company, the volumes 
and compositions of the waste streams, and geographic location of the 
plant. 

The selection of optimum waste management strategies may also depend on 
the interrelations of legislative, regulatory, political and social 
factors. For example, centralized waste treatment facilities are well 
established at various sites in Europe, but in North America and even in 
newly developing countires like Malaysia, there has been a very strong 
public opposition to the siting of this type of facility. 

Expert Systems 

One highly promising approach for the selection and screening of optimum 
waste management strategies is the use of expert systems [4). Bxpert 
systems are a class of computer-based programs that guide an informed 
program user through the logic of a problem, at the same time asking 
questions and performing calculations to solve the problem. The expert 
system approach in this case would consist of assembling a knowledge base 
of known waste treatment trains along with their performance and costs. 
Analysis to identify the optimum treatment process would involve the 
overlapping of two critical paths, regulatory and technology based. 
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